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Abstract
I have investigated the nature of a subset of active galactic nuclei (AGN) which show
double peaks in their characteristic optical and ultraviolet emission lines. I have performed
this investigation through studies of the broad emission line regions (BLRs), which are
produced less than 1 pc from the central supermassive black hole (SMBH), and the narrow
emission line regions (NLRs), which originate at larger (kpc) distances. The BLR studies
consist of detailed line modeling of two individual quasars with double-peaked broad emission
line profiles. The modeling suggests there are two primary interpretations of the complex
broad line profiles. The first possiblity is line emission from the surface of an asymmetric
and/or non-uniform accretion disk of a low-accretion rate AGN; these sources are known as
double-peaked emitters and account for only about 3% of the quasar population. The second
possibility is line emission from the BLRs of two actively accreting SMBHs in a close (< 1 pc)
binary system. Such binaries are an inevitable outcome following the merger of two galaxies.
The NLR studies consist of three separate projects. The first is an analysis of a candidate
AGN pair (dual AGN), with a separation ∼5.5 kpc, in a galaxy at a redshift of z = 1.175; this
scenario would be the result of a galaxy merger and represent the stage prior to the formation
of a binary SMBH. The second is the identification of similar candidate dual AGN sources in
a systematic study of quasars at redshifts z = 0.8 − 1.6. The final project analyzes follow-up
long-slit spectroscopy of two quasars found through the systematic search which are most
likely to host AGN-driven outflows. Overall, the combined results for these NLR studies
show that a significant fraction of the double-peaked narrow emission lines are produced
by AGN-driven outflows. Furthermore, diagnostics based upon ionization potentials can
effectively select sources most likely to possess these outflows, and those which are more
likely to host dual AGN. Finally, follow-up observations in the form of long-slit spectroscopy
and high-resolution imaging have proven effective at distinguishing between those scenarios.
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Figure 3.2: Hβ and Hα emission line complexes, shown in velocity-space relative to the
narrow Balmer component (positive velocities indicate a blueshift), with the best fit eccentric disk models overlaid. In all cases, the models were fit simultaneously to Hα and Hβ.
The color coding indicates varying eccentricities: e = 0.2 (cyan), e = 0.4 (green), e = 0.6
(blue) and e = 0.8 (red). The black dashed line is the power-law continuum. The gray
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Figure 3.3: Hβ and Hα emission line complexes, shown in velocity-space relative to the
narrow Balmer component (positive velocities indicate a blueshift), with the best fit circular
disk plus BLR model overlaid. The model was fit simultaneously to Hα and Hβ. The green
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model sum. The black dashed line is the power-law continuum. The gray shaded regions
were masked during the modeling. Details of the fitting are in Section 3.4.3. . . . . . 43
Figure 3.4: Hβ and Hα emission line complexes, shown in velocity-space relative to the
narrow Balmer component (positive velocities indicate a blueshift), with the best fit double
Gaussian model overlaid. The green lines indicate the broad Gaussian components, while the
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Figure 4.1: Chandra/ACIS spectrum and model residuals of CXOJ1426+35 in the observed frame. The top panel shows the combined data sets of the extractions from both the
120 ks and 58 ks images (in Wang et al. 2004 the 58 ks image was corrected to 52 ks, hence
their quoted total time of 172 ks), and the best fit absorbed power-law model is overlaid.
The bottom panel shows the residuals from the best fit model. . . . . . . . . . . . . 60
Figure 4.2: Stacked g + r + i SDSS image centered on the position of CXOJ1426+35.
The larger image is 90## on a side with North up and East to the left. The inset is a close-up
of CXOJ1426+35, 10## on a side, showing that the galaxy is clearly extended with a position
angle of P.A.= −54.1◦ . Boxes show the spectroscopic slit configurations obtained using LRIS
(P.A.= −21◦ , slit width = 1.5## ) and NIRSPEC (P.A.= −54.1◦ , slit width = 0.7## ). Note the
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target. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Figure 4.3: Prominent emission lines seen in the Keck/LRIS 2-D spectrum of CXOJ1426+35.
The two components are most clearly seen in the forbidden lines which are narrower and less
blended. For lines with blended doublets, particularly CIV1549 for which the ‘blue’ component is much weaker than the ‘red’, the two components are more difficult to resolve but still
present. From left to right, the first four panels show emission lines from the blue side of the
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been scaled to unity at the peak of the [O II] line. The grey dotted vertical lines mark the
expected positions of the vacuum wavelength transitions of [Ne V], [O II], and [Ne III] at the
SDSS redshift of J2102-0048. The vertical dotted lines mark the atmospheric absorption Aand B-bands. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
Figure 6.5: Top: Keck/DEIMOS two-dimensional slit-spectrum of J0342-0557 showing
[O II]λ3727 (left) and [Ne III]λ3869 (right) at P.A. = 63.2◦ . Along the spatial axis, the
!!
slits are plotted over a spatial extent of 6 , centered on the spatial centroid (described in
Section 6.4). Along the dispersion axis, the slits are plotted over a velocity range from 500
km s−1 to -1000 km s−1 , relative to the expected position of the line emission based upon
the SDSS redshift, with positive velocities indicating blueshifts. The slit spectra have been
smoothed with a two-dimensional Gaussian of σ =1 pixel. Contours outlining the peaks are

overlaid in the top and middle panels. Middle: Same as top but at P.A. = 153.2◦ . Bottom:
One-dimensional spectrum of [O II]λ3727 (left) and [Ne III]λ3869 (right) extracted from the
composite two-dimensional spectrum at the two P.A.s. The Gaussians for the individual
components (black, dotted lines) and model sums (red, solid line) are overlaid. The wavelength axis is plotted on the same scale as the dispersion axis of the slit-spectra. The fluxes
are in units of 10−27 erg s−1 cm−2 Hz−1 . . . . . . . . . . . . . . . . . . . . . . . . 167
Figure 6.4: Top: Keck/DEIMOS two-dimensional slit-spectrum of J2102-0048 showing
[O II]λ3727 (left) and [Ne III]λ3869 (right) at P.A. = −62.1◦ . Along the spatial axis, the
!!
slits are plotted over a spatial extent of 8 , centered on the spatial centroid (described in
Section 6.4). Along the dispersion axis, the slits are plotted over a velocity range from 1000
km s−1 to -700 km s−1 , relative to the expected position of the line emission based upon
the SDSS redshift, with positive velocities indicating blueshifts. The slit spectra have been
smoothed with a two-dimensional Gaussian of σ =1 pixel. Contours outlining the peaks are
overlaid in the top and middle panels. Middle: Same as top but at P.A. = 27.9◦ . Bottom:
One-dimensional spectrum of [O II]λ3727 (left) and [Ne III]λ3869 (right) extracted from the
composite two-dimensional spectrum of the two P.A.s. The Gaussians for the individual
components (black, dotted lines) and model sums (red, solid line) are overlaid. The wavelength axis is plotted on the same scale as the dispersion axis of the slit-spectra. The fluxes
are in units of 10−27 erg s−1 cm−2 Hz−1 . . . . . . . . . . . . . . . . . . . . . . . . 168
Figure 6.3: Plots of ∆Vblue,[NeV] versus ∆Vblue,[NeIII] (A) and ∆Vred,[NeV] versus ∆Vred,[NeIII]
(B). The dashed line is the one-to-one relation. Each velocity has been shifted by the
constant a where a = 1000 − (∆V[N eV ] ). In each panel the horizontal gray, dashed line
represents ∆V[NeV] = 0 km s−1 and the gray, shaded region represents the average of our
sample. [Ne V]/[Ne III]-selected sources are plotted as filled circles while sources selected via
[O III]λ5007 are plotted as open circles. The sources with Keck/DEIMOS slit-spectroscopy
discussed in this analysis colored as red (J2102-0048) and blue (J0342-0557). . . . . 170

LIST OF TABLES

Table 2.1: Redshifts, FWHMs and line ratios for the Gaussian fits to the spectrum. The
redshifts were calculated using the SDSS vacuum wavelengths. The line widths were corrected for an instrumental resolution of 150 km s−1 . ∗ Fixed values. . . . . . . . . . . 24
Table 3.1: Best-fit parameters for models applied to the broad, double-peaked Hα and
Hβ emission lines in W2332-5056. . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
Table 4.1: Photometric data for CXOJ1426+35. . . . . . . . . . . . . . . . . . . . 64
Table 4.2: Fluxes, FWHMs, redshifts and velocity-splittings for emission lines in both
systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
Table 5.1: Emission Line Properties for Double-peaked [Ne V]λ3426. . . . . . . . . 149
Table 5.2: Emission Line Properties for Double-peaked [Ne III]λ3869. . . . . . . . . 153
Table 5.3: General Quasar Properties for Our Sample. . . . . . . . . . . . . . . . 159
Table 6.1: Flux densities (relative to [O II]), FWHMs and redshifts for the [Ne V], [O II],
and [Ne III] emission line components of J0342-0557 as measured from the SDSS spectrum
and Keck/DEIMOS spectrum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
Table 6.2: Flux densities (relative to [O II]), FWHMs and redshifts for the [Ne V], [O II],
and [Ne III] emission line components of J2102-0048 as measured from the SDSS spectrum
and Keck/DEIMOS spectrum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

LIST OF PUBLICATIONS

Unusual double-peaked emission in the SDSS quasar J093201.60 + 031858.7. R. Scott
Barrows, Claud H. S. Lacy, Daniel Kennefick, Julia Kennefick, Marc S. Seigar.
New Astronomy, 16, 2, 2011. (Chapter 2).

A Candidate Dual Active Galactic Nucleus at z = 1.175. R. Scott Barrows, Daniel Stern,
Kristin Madsen, Fiona Harrison, Roberto J. Assef, Julia M. Comerford, Michael C.
Cushing, Christopher D. Fassnacht, Anthony H. Gonzalez, Roger Griffith, Ryan
Hickox, J. Davy Kirkpatrick, and David J. Lagattuta. The Astrophysical Journal,
744, 7, 2012. (Chapter 4).

Identification of Outflows and Candidate Dual Active Galactic Nuclei in SDSS Quasars at
z = 0.8 − 1.6. R. Scott Barrows, R. S., Claud H. S. Lacy, Julia Kennefick, J. Julia M.
Comerford, Daniel Kennefick, Joel C. Berrier. The Astrophysical Journal (in press),
2013. (Chapter 5).

Chapter 1
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Introduction

Introduction

Understanding the connection between galaxy evolution and supermassive black hole
growth (SMBH) is an important topic in modern astronomy. With advances in imaging and
spectroscopic capabilities, it has been possible to observe the features of massive galaxies at
great distances, in addition to the unique spectroscopic signatures of the growing SMBHs at
their centers. These observations have revealed that many features of galaxies are related
to the size of the central SMBH, implying that their evolutions are linked by some, or
several, mechanisms (Gebhardt et al., 2000; Kormendy & Gebhardt, 2001). Since galaxies
are thought to grow in a hierarchical fashion, i.e. through mergers, their evolution should be
linked to that of SMBHs through such violent merger events. In particular, SMBHs grow by
accretion, a process which requires that baryonic mass within the host galaxy lose sufficient
angular momentum to fall into the accretion disk. One of the most effective mechanisms
for achieving this is through major interactions or mergers of galaxies (Hernquist, 1989).
These events, as suggested by numerical simulations, produce tidal forces within the merging
galaxies, causing the gas and dust to lose angular momentum.
There is indeed some observational evidence which suggests that the likelihood of
finding an actively accreting SMBH in a galaxy’s core, or active galactic nucleus (AGN),
is greater for galaxies that are massive and interacting with or merging with similarly-sized
galaxies. For example, AGN in on-going mergers include the class of galaxies known as ultraluminous infrared galaxies (ULIRGS), which are bright at infrared (IR) wavelengths because
of the dusty nature of merging galaxies. These galaxies quite often show evidence for multiple
nuclei, likely to be multiple AGN (Sanders et al., 1988). Examples of interacting galaxies have
been found in a variety of large galaxy samples, including the COSMOS field (Cisternas et al.,
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2011) the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS;
Kocevski et al., 2012) and the Sloan Digital Sky Survey (SDSS; Abazajian et al., 2009).
However, there is disagreement between the results of these studies due to the inherent
selection biases and heterogeneous samples which have been used to make such claims.
Several studies have investigated whether active galaxies are more likely than non-active
galaxies to be found in mergers; only the lowest redshift studies have found that AGN are
more likely to be in mergers than control samples at z < 0.2 (Ellison et al., 2011; Koss et al.,
2010; Liu et al., 2011, 2012b; Koss et al., 2012), while there is no such evidence out to z ∼ 2.5
based on X-ray selected AGN (Kocevski et al., 2012). Obscuration can also contribute to
these disagreements because varying methods of selection (e.g. optically- or X-ray-selected)
will result in varying dependences on absorption or scattering.
Another unresolved issue is whether AGN of all accretion states require mergers for
activation, or only the most massive and luminous (i.e. quasars). Currently, there is growing
evidence suggesting that minor mergers and secular processes related to the inherent internal
dynamics of galaxies can effectively extract angular momentum from galaxies’ gas and dust,
allowing the central SMBH to grow in a moderate accretion state without major mergers
(Simmons et al., 2013). For example, AGN which reside in spiral galaxies are likely to have
been triggered through a non-major merger route since the persistence of a galactic disk is
unlikely following a major-merger. However, there is also growing evidence which suggests
that quasars, which represent some of the most massive SMBHs and strongly accreting AGN,
generally do require major mergers. Some studies have shown that quasars are often hosted
by disturbed galaxies, where the disturbances hint at a past merger (Canalizo & Stockton,
2001). Other results have shown that the AGN fraction in mergers is strongly positively
correlated with the AGN luminosity (Treister et al., 2012), suggesting that major mergers
are necessary for AGN to reach the highest luminosities.
Ultimately, dynamical friction will bring the two SMBHs close enough to form a
binary SMBH, after which they will lose angular momentum through gravitational radiation
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and coalesce, forming a single, more massive SMBH. Once this final SMBH reaches a high
level of accretion and radiative efficiency, the energy output into the host galaxy in the
form of radiation is capable of strongly accelerating the interstellar medium (ISM) gas, a
scenario known as AGN feedback. This scenario is thought to be how the accreting SMBH
can ultimately become visible as a bright, unobscured quasar (Hopkins et al., 2005, 2008),
In fact, it is capable of rapidly quenching star formation in the host galaxy, a process which
may have been important in producing massive red elliptical galaxies and the bi-modal (red
and blue) distribution of galaxies in the local universe. Feedback can also quench accretion
onto the SMBH itself by expelling gas (Silk & Rees, 1998; Kauffmann & Haehnelt, 2000),
and may also be important in producing the observed correlation between SMBH mass and
properties of the stellar bulge. The primary forms of radiative feedback are disk winds
driven by radiation pressure from the AGN accretion disk (Xu & Komossa, 2009), and/or
entrainment within the radio jet of AGN with sufficiently large radio powers (Holt et al.,
2003, 2008; Komossa et al., 2008).
Much of our knowledge concerning active SMBHs comes from analyses of the characteristic emission lines and continua observed in AGN spectra across decades of frequency.
These spectra provide information regarding the accretion rates and masses of the central
SMBH, in addition to providing powerful diagnostics of the ionization state and dynamics
of the surrounding medium being photo-ionized by the AGN continuum radiation. Therefore, AGN spectra can be used as tracers of important stages in the evolution of galaxies
and SMBHs. In the next section, I describe how variations in the velocity profiles of AGN
emission lines can provide critical information regarding SMBH accretion, SMBH mergers,
galaxy mergers and AGN outflows.

1.1

AGN Emission Line Profiles
One of the defining characteristics of AGN are the optical and ultraviolet (UV) emis-

sion lines observed in their spectra. Generally speaking, the one-dimensional profiles of
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these lines are put into two classifications based on their widths: the narrow emission lines
(FWHM < 1000 km s−1 ) which originate at large distances (> 100 pc) from the central
SMBH; and the broad emission lines (FWHM > 1000 km s−1 ), which originate near the
SMBH (< 10−3 − 10−2 pc). The lines are emitted from gas that is photoionized by the
continuum radiation from the SMBH accretion disk. These lines effectively trace the regions
around AGN either on small scales, such as the broad line region (BLR), or large scales,
such as the narrow line region (NLR).
1.1.1

Broad Emission Line Velocity Profiles

1.1.1.1

Disk-Emitters

There is a subclass of quasars which have broad emission line profiles that are significantly asymmetric or even double-peaked. The generally preferred physical interpretation
of these profiles is that the line emission comes from the SMBHs accretion disk, with the
blue- and redshifted peaks being the result of Doppler shifting due to rotation (Chen &
Halpern, 1989; Strateva et al., 2003; Eracleous & Halpern, 2003). Such objects have often
been called double-peaked emitters (DPEs), but due to the generally preferred accretion
disk origin of the broad emission lines they have also been given the more descriptive title
of ‘disk-emitters.’ Disk-emitters provide a unique view of SMBH accretion disks and their
connection to the BLR. They have been used to study accretion disk structure and variations of it, often showing that features in the disk are transient. For example, both the
profile shape and flux of the lines have measurable variations over even month timescales
(Lewis et al., 2010). Models for the accretion disks of DPEs include radiatively inefficient
accretion flows (RIAF) in which the inner portion of the disk will become hot and vertically
extended because it can not lose energy quickly enough. This vertically extended inner disk,
known as the ion torus (a plasma in which the electrons and ions are thermally decoupled)
is also thought to be effective at generating magnetic field lines and therefore in facilitating the production of radio jets. Interestingly, based on a sample selected from the SDSS
4

quasar catalog, disk emitters have a larger radio loud fraction than the parent quasar sample
(Strateva et al., 2003), making this picture particularly attractive.
An outstanding and unanswered question regarding the broad emission line profiles
of quasars is why the vast majority (∼97% at z < 0.332) are not DPEs though they must
possess accretion disks. While geometrical factors such as disk orientation, and inner and
outer radii can suppress the observed double-peaked profile, the orientation factor should
be random (i.e. not preferentially face-on) and the large outer radii capable of suppressing
the profile are rather extreme and not expected in general disk models. Currently, the best
explanation for the rarity of DPEs is the existence of a strong disk-wind which is driven by
line radiation from the surface of the disk (Murray & Chiang, 1997). In this model, strong
winds result in a radial shear in the line emitting gas which suppresses the observed blue
and red peaks, resulting in the characteristic single-peaked, Gaussian-like shape. This model
also supposes that the BLR clouds come from the disk wind itself, providing a scheme for
unifying the BLR, accretion disk, and broad emission line profiles.
Within this picture, disk emitters are quasars without a strong disk wind and thus
the disk profile is not suppressed. Such quasars would be low accretion-rate, low-luminosity
sources, consistent with the RIAF state necessary for formation of the illuminating ion torus.
However, recent studies have shown that this picture is not complete, in that some wellstudied broad disk-emitters are not consistent with RIAF accretion states (Strateva et al.,
2008). Furthermore, the vertically extended ion torus may not be sufficient to illuminate the
outer thin disk, requiring different geometries such as warped disks (Luo et al., 2013).
As opposed to the typical symmetrical Gaussian models applied to most quasar broad
emission lines, the double-peaked profiles of disk-emitters have been generally well-fit by the
models of circular disks in Keplerian rotating motion with line emitting surfaces (Chen &
Halpern, 1989). The success of these models furthers the accretion disk interpretation of the
line emission, though in very few cases is the circular disk model completely satisfactory.
Therefore, elliptical accretion disk models have also been applied which are better capable
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of modeling the profiles (Eracleous et al., 1995). Still, there are some profiles which can not
be modeled by these shapes, implying that additional complexities exist in the disk such
as spiral shocks (Chakrabarti & Wiita, 1994) and hot spots (Zheng et al., 1991). Proposed
physical mechanisms capable of introducing these asymmetries (either eccentricities or nonuniformities) include the tidal disruption of a star or a binary SMBH companion. The binary
companion scenario is particularly intriguing since it would allow the disturbed features to
exist significantly longer than a stellar tidal disruption event. In the next section I will
introduce the theoretical expectations surrounding the existence of such close, binary SMBHs
and their resulting double-peaked broad emission line profiles, and I will describe some of
the current observational evidence for such binaries.
1.1.1.2

Binary SMBH

In a galactic merger the force of dynamical friction will act to bring each SMBH
toward the center of the new mass distribution, first forming a dual SMBH (separations
of several kpc), then a gravitationally bound system (sub-pc separations) and eventually
merging to form a single, more massive SMBH. The amount of time spent in each stage
is dependent upon the efficiency of the processes carrying away angular momentum from
the system (Begelman et al., 1980). At large separations (> 10 − 100 pc), the primary
force acting on the SMBHs is dynamical friction from the surrounding gas and dust. As the
SMBHs form a binary system, ejection of stars becomes most important. Finally at close
separations (< 10−2 pc), gravitational radiation will become the most important mechanism
of energy loss (Milosavljević & Merritt, 2003). During the stage when the SMBHs have been
reduced to a separation of < 1 pc, the orbital velocity will be large enough that the broad
line regions are sufficiently Doppler-shifted to produce explicit double-peaks in the broad
emission lines (Shen & Loeb, 2010). Note that at this separation the NLRs of each SMBH
will have merged into a single NLR and both SMBHs are orbiting within it.
Since major mergers of galaxies naturally result in a bound binary SMBH, this is
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an inevitable stage in the hierarchical model of galaxy evolution. Therefore, such systems
should exist, and there is reasonable ground to suspect that they remain in this stage for
quite some time due to theoretical expectations that the binary will be unable to efficiently
lose angular momentum, i.e. ‘the final parsec problem’ (Lodato et al., 2009). The original
identifications of DPEs were considered candidate binary SMBHs since the profiles mimic
the integrated profile of two classical BLRs. However, many years of continued spectroscopic
monitoring showed that the variations in the line profiles are not consistent with the periodic
motion expected from an orbiting binary, but rather with the types of variations noticed in
disk emitters described in the previous section (Eracleous et al., 1997). In fact, observations
have shown that quasars with the classical disk (double-humped) profiles are generally ruled
out as candidates for binary SMBHs. However, sources which significantly deviate from the
circular disk model are plausible candidates (Boroson & Lauer, 2009; Shields et al., 2009b;
Barrows et al., 2011). Other strong candidates include quasars with single peaks which are
offset from the narrow line redshift. By excluding the disk emitter candidates, this method
seeks binaries in which only the secondary SMBH is active and orbiting around the galaxy
systemic velocity (Eracleous et al., 2012).
However, there is some question as to whether or not binary SMBHs are likely to be
found at z < 0.7 since galaxy mergers were less frequent than at earlier redshifts. In fact,
theoretical calculations of the expected number of binaries that will be detectable through
broad emission lines expect no more than a few at z < 0.7 where Hβ is accessible in optical
spectra (Volonteri et al., 2009). Ultimately, confirming the detection of a binary SMBH
will require synoptic spectroscopic observations in order for the detection of orbital motion.
While the expected orbital velocities of such binaries are large enough to be measurable over a
timescale of just a few years, certain orbital configurations could make the radial acceleration
undetectable except over longer time periods (Bogdanović et al., 2009a). Furthermore, other
forms of data can provide supplementary information that sheds light on the likelihood of a
binary, such as features of tidal disturbance in the host galaxy morphology or complicated,
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multi-jet radio morphologies hinting at a change in spin induced by the SMBH orbit (Tsai
et al., 2013).
1.1.2

Narrow Emission Line Velocity Profiles

1.1.2.1

Outflows

Due to the large radiative energy from SMBH accretion disks, AGN can accelerate the
surrounding ISM to rather large velocities via the mechanisms of radiation pressure and jet
entrainment. Specifically, the outflowing material will have a radial velocity component, ∆V ,
both toward and away from the observer (Arribas et al., 1996; Veilleux et al., 2001; Crenshaw
et al., 2010). The bulk motion of the outflowing gas moving toward the observer will produce
a peak blueshifted relative to the galaxy systemic velocity, and likewise a red peak will be
produced by the gas moving away from the observer. This will naturally result in a doublepeaked profile (Zheng et al., 1990; Fischer et al., 2011). Observationally, outflows have been
observed through a number of means: [O III]λ5007 maps from narrow-band imaging of AGN
host galaxies has revealed that cones of highly ionized NLR gas extend out to ∼10 kpc in
some cases (Greene et al., 2011); radio maps have revealed extended radio jets for which
spectroscopy confirms that the gas has a radial motion (Holt et al., 2008). In particularly
luminous AGN, the outflows can be powerful enough to affect the host galaxy on scales
extending out to ∼10 kpc (Bennert et al., 2002). In cases where the outflows are powerful
enough, they can be mechanisms of AGN feedback, and such feedback scenarios were likely
to have been even more important at higher redshifts when the most massive galaxies were
forming, including massive radio galaxies (Nesvadba et al., 2008).
Since the incident flux will decrease with increasing distance from the AGN, lines of
higher ionization potential (I.P.) will be preferentially produced closer to the AGN than lines
of lower I.P. Furthermore, these outflows are generally thought to decelerate with increasing
radius from the AGN (De Robertis & Osterbrock, 1984; Sturm et al., 2002). This will result
in a so-called ‘ionization stratification’ that manifests itself as a positive correlation between
8

I.P. and ∆V (Veilleux, 1991; Komossa et al., 2008). The effect of AGN on the outflowing gas
is therefore most strongly seen in lines of high I.P., which tend to be broader and blueshifted
(Spoon & Holt, 2009).
1.1.2.2

Dual AGN

If a galaxy merger triggers activity in both SMBHs of the two progenitor galaxies
(dual AGN) there would be two NLRs with a velocity difference between them due to the
relative motions of the merging galaxies. In this scenario, the integrated velocity profile of the
narrow lines would have two peaks, with each peak representing the bulk motion of the NLR
accompanying each SMBH. Dual AGN have become of increasing interest to extragalactic
astronomy over the last several years since candidates for such sources have been identified
through selection of AGN with double-peaked emission lines (Comerford et al., 2009b; Wang
et al., 2009; Liu et al., 2010; Smith et al., 2010; Barrows et al., 2012; Ge et al., 2012; Barrows
et al., 2013).
Follow-up observations of these AGN have suggested that this selection technique is
most efficient at finding AGN with complex gas kinematics, including the types of outflows
described above (Fu et al., 2012). However, the number of confirmed dual AGN is growing
due to follow-up observations of the most promising candidates. In particular, applying
emission line diagnostics to the one-dimensional discovery spectra have proven useful at
identifying which sources are most likely to be outflows, and which should be considered
as candidate dual AGN (Wang et al., 2009; Barrows et al., 2012, 2013). Of these strong
candidates, slit-spectroscopy has further shown that the strongest dual AGN candidates
tend to have spatially compact emission components with separations which are aligned
with the semi-major axis of the host galaxy (Comerford et al., 2012). Finally, dual AGN
are being confirmed through observations in the form of high-resolution optical imaging
(Comerford et al., 2009a), near-infrared (NIR) adaptive optics imaging (Liu et al., 2010a; Fu
et al., 2011a; Rosario et al., 2011; Shen et al., 2011a; Barrows et al., 2012), spatially resolved
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spectroscopy (McGurk et al., 2011; Fu et al., 2012), hard X-ray observations (Comerford
et al., 2011; Civano et al., 2012; Liu et al., 2012a), and radio observations (Fu et al., 2011b)
Dual AGN can be used as tracers of galaxy mergers, thereby aiding in studies of the
connection between galaxy mergers and AGN triggering, and in refining the galaxy merger
rate (Conselice et al., 2003; Berrier et al., 2006; Lotz et al., 2011; Berrier & Cooke, 2012).
As such, dual AGN are particularly important to find at higher redshifts when the Universe
was denser and thus galaxy mergers more frequent.
1.2

Summary
In this dissertation, I will critically examine the possible physical scenarios producing

the double-peaked emission lines profiles seen in the subclasses of AGN discussed above, both
in the broad and narrow emission lines. Dual AGN and Binary SMBHs are expected to exist
as a natural consequence of the hierarchical model of galaxy evolution, and identifying them
is an important test for predicting merger rates of galaxies and of SMBHs. These identifications can be done through analysis of emission line profiles, and the AGN discussed in this
dissertation, identified as having double-peaked emission line profiles, represent candidate
binary or dual systems of active SMBHs. However, one must be cautious when asserting
the binary or dual AGN interpretation due to the multiple alternative explanations. Being
able to properly interpret the line profiles requires understanding the physical mechanisms
of outflows, disk winds and the interaction between accretion disks and BLRs.
First, I will describe our results which focus on distinguishing between the disk-emitter
and binary SMBH scenarios for AGN with double-peaked broad emission lines. This involves
the detailed studies of two individual quasars with unusually extreme double-peaked broad
emission line profiles. One of the quasars was identified in a systematic search for candidate
binary SMBHs (Barrows et al., 2011), and the other was serendipitously discovered in followup spectroscopy of WISE -selected quasars (Tsai et al., 2013 in prep.). Together, these
sources provide opportunities to test the disk emitter or binary SMBH scenarios for broad
10

double-peaked emission line profiles that are not clearly classified. Second, I will describe
our results which focus on distinguishing between the outflow and dual AGN scenarios for
AGN with double-peaked narrow emission lines at high redshifts (z > 0.8). This involves
three analyses: a detailed study of a serendipitously discovered candidate dual AGN at
z = 1.175 but for which the outflow scenario can not be ruled out based upon available data;
a systematic search for additional high-redshift AGN outflows and candidate dual AGN in
SDSS quasars at z = 0.8 − 1.6; and examination of follow-up data for a subset of these
sources. Each of these sources was selected by a different set of (high I.P.) emission lines
than the other candidate dual AGN in the literature, providing a critical examination of the
highly photoionized portion of the NLR. Furthermore, these sources are at redshifts larger
than any of the previously known double-peaked AGN, allowing for the phenomena of AGN
outflows and dual AGN to be studied at earlier epochs.
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Chapter 2
2

Unusual Double-peaked Emission in the SDSS Quasar

Unusual
Double-peaked Emission in the SDSS Quasar J093201.60+031858.7
J093201.60+031858.7

2.1

Abstract
We examine spectral properties of the SDSS quasar J093201.60+031858.7, in particu-

lar the presence of strong blue peaks in the Balmer emission lines offset from the narrow lines
by approximately 4200 km s−1 . Asymmetry in the broad central component of the Hβ line
indicates the presence of a double-peaked emitter. However, the strength and sharpness of
the blue Hβ and blue Hγ peaks make this quasar spectrum unique amongst double-peaked
emitters identified from SDSS spectra. We fit a disk model to the Hβ line and compare
this object with other unusual double-peaked quasar spectra, particularly candidate binary
supermassive black holes (SMBHs). Under the binary SMBH scenario, we test the applicability of a model in which a second SMBH may produce the strong blue peak in the Balmer
lines of a double-peaked emitter. If there were only one SMBH, a circular, Keplerian disk
model fit would be insufficient, indicating some sort of asymmetry is required to produce
the strength of the blue peak. In either case, understanding the nature of the complex line
emission in this object will aid in further discrimination between a single SMBH with a
complex accretion disk and the actual case of a binary SMBH.
2.2

Introduction
Quasars and active galactic nuclei (AGN) with spectra showing double-peaked emis-

sion lines are an interesting class of objects, though in many cases the origin of the double
peaks is not fully understood. Some of these spectral features have been examined in the
context of emission from an accretion disk. These objects are commonly known as doublepeaked emitters (or disk emitters) and have been the subjects of a number of studies (Era16

cleous and Halpern, 1994; Eracleous & Halpern, 2003; Strateva et al., 2003). Double-peaked
emitters are important objects to study because the double-peaked profiles provide information about the structure of the accretion disk around supermassive black holes (SMBHs).
The disk profiles are typically centered around Balmer emission line positions presumably
because of photoionization and electron scattering in a geometrically thin disk (Chen &
Halpern, 1989). In the disk profiles, there is typically a peak on the red side and a peak on
the blue side of the central emission line, though in some cases the peaks are very broad and
shallow. Furthermore, the blue peaks are typically stronger than the red peaks because of
relativistic beaming.
For many double-peaked emitters, a simple (circular, Keplerian) disk model provides a
satisfactory model. However, this sub-class of AGN contains a range of Balmer emission line
profiles, and in some cases the fits require additional complexities (i.e. asymmetries) such as
eccentricity in the disk or a hot spot on the disk surface. In a few cases, only one peak appears
to be offset from the narrow lines, and such objects have been interpreted as candidate
binary or recoiling SMBHs because the spectra resemble multiple emission line regions.
These interpretations are important to consider because binary and/or recoiling SMBHs are
expected to result from galaxy mergers (Merritt et al., 2004; Komossa, 2006) and therefore
many such cases should exist. Additionally, they are believed to play a role in the evolution
of the SMBH population (Hopkins et al., 2005). Therefore, there has been much interest
in the possibility of identifying close binary SMBHs by locating double-peaked emission
lines in the spectra of AGN and quasars (Gaskell, 1996; Zhou et al., 2004). In these cases,
determining the true physical origin of the double-peaks is difficult since they may be partly
or entirely due to complex disk emission instead. Interestingly, a few candidate binaries
have been identified. For example, the object SDSS J153636.22+044127.0 (from here on
SDSSJ1536+0441) has been interpreted as a binary SMBH (Boroson & Lauer, 2009), a disk
emitter (Chornock et al., 2010), and as both (Tang & Grindlay, 2009). Another candidate,
SDSS J105041.35+345631.3 (from here on SDSSJ1050+3456) shows similar features and
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was first identified by Shields et al. (2009b) as a possible recoiling or binary SMBH. A
third candidate, SDSS J092712.65+294344.0 (from here on SDSSJ0927+2943), was first
identified and interpreted as a recoiling SMBH (Komossa et al., 2008), and more recently
also as a binary SMBH (Bogdanović et al., 2009b; Dotti et al., 2009). The diversity of these
interpretations indicates that accretion processes around a singe SMBH or in a binary SMBH
are expected to produce a range of complex spectral signatures. Results from simulations
indicate that profiles of close binaries strongly resemble those of double-peaked emitters
(Bogdanović et al., 2008; Bogdanović et al., 2009a); therefore, it is important to examine
double-peaked profiles, particularly those with strong and distinct multiple peaks, as evidence
for complex accretion processes that may be the result of a binary SMBH.
Inspired by the above mentioned previous searches, and the results of those searches,
we performed a similar search through the Sloan Digital Sky Survey (SDSS) archives to
identify spectra with double-peaked emission lines at z < 0.89; this redshift limit was chosen
so that all spectra would include the Hβ line. All matches were individually inspected.
In this paper, we describe the spectrum of a quasar, SDSS J093201.60+031858 (from here
on SDSSJ0932+0318), that has a blue set of Balmer emission lines offset from the narrow
lines by approximately 4200 km s−1 . While the Hβ line has a broad, red peak that is
indicative of a double-peaked emitter, it has unusually strong blue Hβ and Hγ peaks that
are unusual among SDSS identified double-peaked emitters. We examine similarities and
differences between the features of SDSSJ0932+0318 and those of other unusual doublepeaked emitters, particularly candidate binary SMBHs, to help determine the physical nature
of the line emission. Throughout the paper we adopt the cosmological parameters Ho = 71
km s−1 Mpc−1 , ΩM = 0.27 and Ωvac = 0.73.
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2.3
2.3.1

Spectral Analysis
The Continuum
The quasar spectrum we discuss was drawn from the fourth edition of the SDSS quasar

catalogue (Schneider et al., 2007). It has SDSS point source magnitudes of u = 18.731,
g = 18.460, r = 18.386, i = 18.271 and z = 17.945. Using the suggested conversion from
Jester et al. (2005), B = g − 0.17(u − g) + 0.11, yields B = 18.39, which is also corrected for
a Galactic color excess of E(B − V ) = 0.053, taken from the NASA Extragalactic database
following the model of Schlegel et al. (1998). Converting to a bolometric luminosity (Marconi
et al., 2004) and correcting for a stellar contribution of 33 percent (the mean value from
Eracleous & Halpern, 2003) yields LBOL = 4.25 × 1045 erg s−1 . The spectrum was corrected
for Galactic extinction using the IRAF task ‘deredden.’ Since disk emission is evident in the
spectrum (Figure 2.1), the line of sight to the central SMBH is probably not significantly
obscured so we did not correct for internal extinction. The continuum slope was modeled as
a power law (fλ = λ−α ), and the best fit continuum slope has an index of α = 2.05.
2.3.2

The Disk Profile
The Hα line has been redshifted almost entirely out of the spectrum, therefore we

primarily focus on the Hβ/[OIII] complex. To fit the asymmetric line profile and to test
the applicability of the disk-emitter scenario, we fit a disk profile to this region. The disk
model was centered at the redshift of the [OIII]5007 line based on the assumption that it
represents the redshift of the central SMBH (discussed in section 3.2). The disk model
we used was adopted from Chen & Halpern (1989) and assumes a circular, Keplerian disk.
The assumption of circular shape is used since an accretion disk, in the absence of external
influences, should be circularized due to the energy loss within the disk. In the model, which
has been widely used to model double-peaked profiles, the parameters are as follows: the
local broadening of the line (σ), the inclination of the disk (i ), the inner and outer radii of
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Figure 2.1: Hβ/[OIII] complex at the rest wavelength with the disk profile overlaid. The
central wavelength of the disk model is set to the position of the narrow Hβ line. The
parameters of the fit are as follows: q = 3, σ = 1000 km s−1 , i = 30◦ , ξ1 = 225 rg
and ξ2 = 2700 rg . Notice the strong blue peak that is not adequately fit by the circular,
Keplerian disk model.
the disk (ξ1 and ξ2 ) in gravitational units (rg ), and emissivity as a function of radius on the
disk () = ξ −q ) where q is a dimensionless power law index. In previous uses of this model, the
power law index q is usually constrained near 3. Therefore, we have set q = 3 to minimize
the number of free parameters. The local broadening tends to range from σ ≈ 500 − 2000
km s−1 , and we used a value of 1000 km s−1 which is within that range and typical of disk
model fits in the literature. The inclination, inner radius and outer radius are therefore the
three parameters that we adjusted to find the best fit, and each best fit was obtained by
eye with the restriction that the fit be bounded by the observed emission line as was done
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in Chen & Halpern (1989). We fixed the inclination at three values, 15◦ , 30◦ , and 45◦ , and
varied the inner and outer radii to obtain the best fit for each inclination. For 15◦ , the
best fit produces a sharp red peak that does not match the broad, shallow red peak that is
observed. In contrast, for 45◦ , the best fit does not produce the extended red wing that is
blended with the [OIII] emission lines. We adopted an inclination of i =30◦ and inner and
outer radii of ξ1 = 225 rg and ξ2 = 2700 rg , respectively, for which the broad and shallow
red peak is best fit (Figure 2.1). This is important since, after subtraction of the disk and
subsequent fitting of the emission lines (section 2.3), the [OIII]5007/[OIII]4959 ratio is ∼3,
in agreement with atomic theory. The correct position of the blue peak is also produced
when these parameters are used. However, in none of the fits does the symmetric disk profile
account for all of the flux in the blue peak which is unusually strong for a double-peaked
emitter. A similar fit was performed on the Hγ region. Though the Hγ emission is weaker
and a fit is more difficult, it is clear that a symmetric disk profile is not sufficient there for
the same reason that the blue Hβ peak is not well modeled.
2.3.3

Emission Lines
After subtraction of the disk profile, Gaussian profiles were fit to the broad and narrow

central components of the Hβ/[OIII] and Hγ regions using the IRAF task ’fitprofs.’ In the
Hβ/[OIII] region all parameters of the fit (peak position, peak flux and FWHM) are left as
free parameters, but the peak position and FWHM in the Hγ region are fixed because the
features are much weaker. The FWHM of the narrow lines ([OIII]5007, [OIII]4959, Hβ, Hγ,
[NeIII]3869 and [OII]3727) range from 300 - 700 km s−1 and probably originated in the same
narrow line region (NLR). The FWHM of all the broad central Balmer components (Hβ and
Hγ) are also similar, indicating that they originated in a region nearer the central black hole,
typical of a broad line region (BLR). Gaussian profiles were also fit to the residuals of the
blue Hβ and Hγ peaks. Table 2.1 lists the redshifts, Gaussian FWHMs and the line flux
ratios relative to Hβ for all of the fits.
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2.4
2.4.1

Interpretation
Comparisons with Candidate Binary SMBHs
While the asymmetry of the broad Hβ component of SDSSJ0932+0318 that is blended

with the [OIII] lines is likely the red shoulder of a broad double-peaked emitter, the strength
of the blue Hβ peak relative to the red peak is unusual for double-peaked emitters (Eracleous
and Halpern, 1994). Additionally, the blue peak is offset from the central narrow line by
∼4200 km s−1 which is on the high end for double-peaked emitters (larger than 91 percent
of the sample of 116 double-peaked emitters from Strateva et al., 2003). These properties
warrant comparison with other objects identified from SDSS spectra that exhibit unusual
double-peaked line profiles and which have been proposed as candidate binary SMBHs (Figure 2.2).
SDSSJ1536+0441: The extended red wing and strong blue peak of SDSSJ0932+0318
is similar to the features seen in SDSSJ1536+0441. The blue peak in SDSSJ1536+0441 is
blueshifted by ∼3500 km s−1 , and the unusually high ratio of the blue peak to the broad, red
peak makes it an extreme double-peaked emitter. As such, SDSSJ1536+0441 has recently
been proposed as both a double-peaked emitter and a binary SMBH (Tang & Grindlay,
2009). This last hypothesis is particularly intriguing since it suggests that strong peaks in
some double-peaked emitters may actually be caused by a second, smaller SMBH. In this
scenario, the less massive secondary SMBH is orbiting the primary SMBH and moving toward
us, and the broad blue Balmer components in the spectrum may come from an accretion
flow onto the secondary, or alternatively from the portions of the primary and circum-binary
accretion disks near to and heated by the secondary (Tang & Grindlay, 2009).
SDSSJ1050+3456: A similarly extreme difference between the blue and red peaks is
seen in SDSSJ1050+3456, and could likewise be interpreted as evidence for a double-peaked
emitter in a binary SMBH. Interestingly, however, the extended red wing is only apparent
in the Hα line of SDSSJ1050+3456, while the broad Hβ peak appears to be symmetric.
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SDSSJ0927+2943: The SDSS spectrum of SDSSJ0927+2943 is unique in that both
the blue and red emission line systems contain narrow line components, including in the high
ionization forbidden lines; and the broad components, which are only seen in the Balmer and
MgII lines of the blue system, all appear symmetric with no visible disk profile. If interpreted
as a binary SMBH, the red system is associated with the NLR that surrounds both SMBHs
and is at the redshift of the primary, more massive SMBH, and the blue system is associated
with the secondary, smaller SMBH that provides illumination for both emission line systems.
2.4.2

The Binary SMBH Model
Testing these models on SDSSJ0932+0318 and other strongly double-peaked emission

line profiles, is particularly important to do since spectra with double-peaked emission lines
is a potential method of identifying binary SMBH candidates. That the profile of a circular
disk is inadequate suggests the possibility of an external influence, perhaps from a secondary
SMBH. Arguments in Tang & Grindlay (2009) (and references therein) suggest that the
presence of a secondary SMBH is effective at producing the strong peaks seen in some doublepeaked emitters (and making a disk profile more visible by enhancing the illumination of
the disk surface), especially those that require asymmetric disk profiles, and that many such
double-peaked emitters may in fact be binary SMBHs.

Table 2.1: Redshifts, FWHMs and line ratios for the Gaussian fits to the spectrum. The
redshifts were calculated using the SDSS vacuum wavelengths. The line widths were corrected for an instrumental resolution of 150 km s−1 . ∗ Fixed values.

Emission Line

Redshift

FWHM (km s−1 )

Flux relative to Hβ

Central Narrow Components
[OIII]5007

0.4199

560

5.5

[OIII]4959

0.4198

660

1.9

Hβ

0.4201

310

1.0

23

Hγ

0.4197

320∗

0.5

[NeIII]3869

0.4190

1800

2.4

[OII]3727

0.4197

430

2.5

Central Broad Components
Hβ

0.4177

2710

1.0

Hγ

0.4179

2710∗

0.3

Blue Components
Hβ

0.4001

2050

1.0

Hγ

0.3999

2050∗

0.4

Note: The Gaussian components were fit after subtraction of the disk model. This
analysis is similar to that of Tang & Grindlay (2009).
The models of potential interactions between binary SMBHs, accretion disks and
circumbinary disks for the previously discovered candidates suggests that signatures of binary
SMBHs are likely to be varied. The visibility of a disk profile in the low-ionization lines is
thought to be dependent on a number of factors: illumination (internal and external) of
the geometrically thin portion of the disk, the disk radial size, and the orientation of the
disk plane to the line of sight. As for a second set of high ionization lines, arguments in
Bogdanović et al. (2009b) and Dotti et al. (2009) suggest that the secondary SMBH may
be able to produce its own NLR by ionizing the low density region within the circumbinary
disk. The subject of our analysis, SDSSJ0932+0318, is clearly within the class of objects
which show an apparent disk profile and for which there is no second set of high ionization
lines. In the binary SMBH scenario, this most likely implies that the secondary SMBH
is not powerful enough to produce emission lines with high ionization potentials and low
critical densities such as [OIII]5007, [OIII]4959, [NeIII]3869, [OII]3727 and [NeV]3426. The
observed red NLR is the rarified medium that is large enough to surround two SMBHs that
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Figure 2.2: Top left: SDSS spectrum of SDSSJ0932+0318 with double-peaked Hβ and Hγ
emission lines. Top right: SDSS spectrum of SDSSJ0927+2943 with double-peaked Hβ, Hγ
and narrow emission lines. Bottom right: SDSS spectrum of SDSSJ1050+3456 with doublepeaked Hα, Hβ and Hγ emission lines. Bottom right: SDSS spectrum of SDSSJ1536+0441
with double-peaked Hα, Hβ and Hγ emission lines (the right side of Hα, which is cutoff
in the SDSS spectrum, reveals a broad, shallow red wing Chornock et al., 2010). All the
spectra have been shifted to the rest-frame. Notice that the double-peaks in the Balmer
emission lines have varying degrees of strength and asymmetry. For clarity, the spectra are
smoothed to 600 km s−1 .
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Figure 2.3: Hβ/[OIII] complex at the rest wavelength with the disk profile plus best fit
Gaussian components overlaid.
are separated by one parsec or less, and it is clearly at the redshift of the primary SMBH
since it also coincides with the central wavelength of the disk model. Following the model
of Tang & Grindlay (2009), if the secondary SMBH is massive enough, then it may be able
to maintain and illuminate its own BLR. Alternatively, the secondary SMBH may tidally
distort, or heat the outer edge of, the primary SMBH’s accretion disk (Lodato et al., 2009).
Both scenarios can explain the observed blue Balmer peaks (Figure 2.3).
Binary Parameters:
Under the binary SMBH hypothesis, it is instructive to estimate the physical parameters of the system to determine if such a system may be identified from multiple observations
and in what stage of binary SMBH evolution it would be placed. The individual masses may
26

be estimated if we make the assumption that the central and blue broad Hβ components
are from BLRs around the primary (M1 ) and secondary (M2 ) SMBHs, respectively. In this
case, FWHMHβ and L5100 may then be used with the relation of Vestergaard and Peterson
(2006). To determine the optical luminosities, the total bolometric luminosity calculated
in section 2.1 (including the correction for 33 percent stellar contribution) was converted
to a 5100Å luminosity using L5100 ≈ LBOL /9 (Peterson et al., 2004). Then, the relative
fraction contributed by each SMBH was calculated using the ratio of the Hβ luminosities
from the line fitting and converting to a ratio of the 5100Å luminosities using the relation
from Greene and Ho (2005). The resulting luminosities are L5100 = 2.92 × 1044 erg s−1 and
L5100 = 2.39 × 1043 erg s−1 for the primary and secondary SMBHs, respectively, providing
mass estimates of M1 ≈ 3×107 M% and M2 ≈ 5×106 M% and a mass ratio of M2 /M1 ≈ 0.16.
Additionally, using the combined mass, and assuming they are in a circular orbit with a relative velocity difference of 3700 km s−1 (the separation between the central and blue Hβ
broad components) the calculated separation is ∼0.01 pc or ∼14 l-d. The velocity difference
is very similar to that calculated by Boroson & Lauer (2009), but the separation is nearly an
order of magnitude smaller because of the smaller total mass. Though these are only rough
estimates, they show that, if the system is a binary, it is in the final stage of the binary’s
lifetime.
If the separation is small enough, there will likely be complex interactions between
the secondary SMBH and the accretion disk of the primary SMBH. We may estimate the
physical disk size using the primary SMBH mass, which yields inner and outer radii of
∼0.0003 and ∼0.004 pc, respectively. This result is interesting since it implies, based on the
above calculations, that the secondary SMBH would be near the edge of the primary disk,
potentially close enough to heat and/or distort it. For the primary SMBH, we calculated the
radius of the BLR (from the relation of Kaspi et al., 2005) to be ∼0.008 pc or ∼9.6 l-d. This
result further implies that the binary system would be nearly inside of the primary’s BLR.
However, the scaling relations using AGN luminosity may not directly apply to double-
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peaked emitters (Lewis and Eracleous, 2006) so these masses and orbital parameters are
not necessarily realistic; they merely indicate that the sizes of accretion disks, BLRs and
binary SMBH separations are of similar scales, allowing for complex interactions that are
capable of producing the observed spectrum of many unusual double-peaked emitters. For
instance, the central broad components are slightly blueshifted (∼500 km s−1 ) relative to the
central narrow components, indicating that there may be some sort of interaction between
the secondary SMBH and the BLR of the primary SMBH. In this case, the broad components
will not be entirely due to virialized gas around the SMBHs.
2.4.3

Chance Projection
Since the analysis of this quasar spectrum considers the possibility of a binary SMBH,

we also consider the possibility of a chance projection of two quasars. However, there is
a small statistical likelihood of a positional coincidence. Furthermore, there are no blue
components to the strong narrow forbidden lines ([OIII] and [OII]) that are typically seen
in quasar spectra. So, if the blue components in the spectrum are the result of a second
SMBH, the second SMBH does not have a typical NLR and is more likely to be within the
same NLR as the primary SMBH.
2.4.4

Alternative Mechanisms for Asymmetry in the Disk
In this section we investigate the possibility that only one SMBH is present and that

the double peaks are produced entirely by a single accretion disk. Based on the disk model
fit in Figure 2.1, this requires some form of asymmetry in the disk. The structure of accretion
disks around SMBHs has been widely studied, with various models proposed. The model for
the disk fitting we used (from Chen & Halpern, 1989) has an inner torus photoionizing the
geometrically thin disk that produces the disk line profile. However, the illuminated portion
of the disk may have a complex structure. Studies of the variability of double-peaked emitters
have shown that there may be large-scale patterns in the emissivity (Lewis and Eracleous,
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2006), suggesting that the surface emissivity is not uniform. Proposed ideas for intrinsic
asymmetries in accretion disks include hot spots (Zheng et al., 1991) and regions of high
density such as spiral arms (Chakrabarti and Wiita, 1994) that may result in a region of
higher luminosity that is in the blue-shifted portion of the disk. Such an asymmetry would
produce the unusually strong peaks seen in some double-peaked Balmer emission lines.
2.5

Conclusions
In the case of SDSSJ0932+0318, the spectral features are unique and cannot be clearly

classified as a typical double-peaked emitter. While maintaining that a disk profile is indeed
present in the Balmer emission lines, we explored the scenarios of a chance projection, a
binary SMBH, and a single accretion disk with a complex and asymmetric structure. The
chance projection is unlikely, especially since there is only one set of narrow [OIII] lines.
Since binary SMBHs are expected due to galaxy mergers, the model in which the strong
blue peak in the disk is caused by a second SMBH is given serious consideration, especially
since the velocity shift between the red and blue peaks in SDSSJ0932+0318 is similar to
the shifts in the candidate binary SMBHs discovered previously and is on the high end for
double peaked emitters. However, since much about the physics of accretion disks around
SMBHs is not fully understood, we cannot discount the possibility of intrinsic asymmetries
in the disk.
Perhaps one of the best and easiest tests of the binary hypotheses is multiple observations, which may reveal orbital motion if it exists. From the basic binary parameters
estimated in section 3.2, the hypothetical orbital period would be ∼10 years. Such orbital
motion may be apparent in the spectrum as a relative shifting of the two peaks over that
time period, which would make it potentially observable. It has been pointed out that followup observations of the three candidates previously mentioned (section 3.1) did not reveal a
measurable velocity change (Bogdanović et al., 2009a). However, it was also noted by Bogdanović et al. (2009a) that this does not negate the binary SMBH hypothesis but may merely
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imply that the projected change in velocity will only be detectable over a period of several
years or more. Even in the case where only a single SMBH is present, the strength of the
blue Hβ and Hγ emission peaks is notable and comparable to other unusual double-peaked
emitters. Understanding the nature of the complex line emission in this object will aid in
further discrimination between a single SMBH with a complex accretion disk and the actual
case of a binary SMBH. Furthermore, the similarities of SDSSJ0932+0318 to other candidate
binary SMBHs suggests that there may be a significant number of other objects with similar
features that can be studied as binary SMBH candidates or unusual double-peaked emitters.
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Kleinman, S. J., Knapp, G. R., Kron, R. G., Krzesiński, J., Long, D. C., Lupton, R. H.,
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The Optical Spectrum of Quasar WISE J233237.05-505643.5

3.1

Abstract
We describe the optical spectrum of the quasar WISE J233237.05-505643.5 (W2332-

5056) which shows double-peaked broad line emission in Hβ and Hα. Based on the line
profile, W2332-5056 is part of a sub-class of quasars known as double-peaked emitters (DPEs)
for which the broad line emission might be from the surface of a rotating accretion disk. While
the double-peaks also resemble the expected profile for a bound binary SMBH system, this
scenario is generally considered unlikely for DPEs. However, the large flux ratio and velocity
offsets of the peaks relative to most other DPEs, along with the unusual radio morphology,
suggest a possible disturbance in the accretion disk. Therefore, we have fit the broad emission
lines with several physically motivated accretion disk models in order to understand the origin
of the line emission. We find that a circular disk model is insufficient, while an asymmetric
model (elliptical or otherwise) provides a substantially improved fit. However, the implied
eccentricities or excess fluxes are unrealistically large, and such features are unlikely to be
stable. An alternative explanation is the presence of a secondary SMBH which would act to
stabilize the non-circular structure or non-uniformity in the disk.
3.2

Introduction
The large energy output from active galactic nuclei (AGN) and quasars is theorized

to come from accretion of mass in a disk onto a supermassive black hole (SMBH) (Rees,
1984). Spectral evidence for line emission from accretion disks is primarily from AGN and
quasars that have double-peaked low-ionization emission lines, i.e. double-peaked emitters
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(DPEs). Some double-peaked lines may have alternative origins e.g. bipolar outflows (Zheng
et al., 1990) or an anisotropic variable continuum source (Goad & Wanders, 1996), but there
is considerable observational evidence for disk emission in several local AGN. For example,
there is evidence for accretion onto the SMBH in the local galaxy M87 (Ford et al., 1994; Di
Matteo et al., 2003; Tan et al., 2008). Also, double-peaked Hα lines have been observed in
other local galaxies such as M81 and NGC1097 (Bower et al., 1996; Storchi-Bergmann et al.,
1997, 2003)). More significantly, ∼150 SDSS quasars show double-peaked Balmer emission
lines. The strength of the line emission from the disk, and hence of the emerged disk profile,
is strongly dependent on the energy requirements. The ‘energy budget problem’ (CollinSouffrin, 1987) arises because the viscous energy which is generated within the disk is not
sufficient to produce the observed line profiles. The energy may come from a combination
of viscous energy in the disk and external illumination, both of which provide the energy
for the line emission. In typical disk models, a geometrically thin outer disk is externally
illuminated by a vertically extended inner disk (ion torus) that emits UV/x-ray radiation.
The ion torus develops in the case of an advection dominated accretion flow (ADAF) for
which the accretion rate is low (Esin et al., 1997). The accretion state then becomes a
radiatively inefficient accretion flow (RIAF) (Rees et al., 1982), and as a result of this external
illumiation, strong emission from the rotating disk can be seen (Chen & Halpern, 1989).
It is generally expected that accretion disks should naturally become circular after a
period of time due to the large amount of energy dissipated in the disk (Rees, 1988; Cannizzo
et al., 1990). For this reason the circular, Keplerian disk model of Chen & Halpern (1989)
has been used with success on many double-peaked emitters. However, a significant number
of double-peaked emitters are not well fit by that model, implying that many such objects
are not axisymmetric. Possible forms of asymmetries include spiral shocks (Chakrabarti &
Wiita, 1994) and hot spots (Zheng et al., 1991). Many DPEs have had their fits significantly
improved with the application of an elliptical disk model. There are two primary mechanisms
that may produce eccentric accretion disks: debris of a star that was tidally disrupted by a
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SMBH or the presence of a companion SMBH.
The later mechanism, in which an asymmetric accretion disk is possible evidence of
a binary SMBH system, is a tempting proposition given the frequency of galaxy mergers,
observations of binary SMBHs (Komossa, 2006), and the predictions that many cases of
close binary SMBHs should exist (Begelman et al., 1980; Gaskell, 1996). The theoretical
prediction of ‘the final parsec’ problem (inability of the binary to lose angular momentum)
lends credibility to the likelihood of observing a binary SMBH. For example, Armitage &
Natarajan (2002) show that, for cold gas, if the binary is embedded in a low-mass disk
(less massive than the companion SMBH) then shrinking of the binary separation can be
substantially slowed. Furthermore, Lodato et al. (2009) show that at parsec scales the merger
timescale is quite long (∼109 years) if the binary’s orbital angular momentum is comparable
to that of the disk.
There are several candidate close binary SMBHs discussed in the literature thus far:
J153636.22+044127.0 (Boroson & Lauer, 2009); J105041.35+345631.3 (Shields et al., 2009b);
J092712.65+294344.0 (Komossa et al., 2008b; Bogdanović et al., 2009b; Dotti et al., 2009);
4C+22.25 (Decarli et al., 2010); and SDSSJ093201.60+031858.7 (Barrows et al., 2011). In
particular, there is difficulty in distinguishing between double-peaked emitters and binary
SMBHs since they have similar double-peaked spectral features (Bogdanović et al., 2009a).
However, it is important to look for evidence of potential binary SMBHs in double-peaked
emitters since many of the conditions necessary for the accretion disk to be visible and have
asymmetric features can be obtained in a binary system through tidal perturbations (Tang
& Grindlay, 2009; Barrows et al., 2011).
In this study we examine the optical spectrum of the quasar WISE J233237.05505643.5 (W2332-5056) which shows double-peaked broad Balmer emission lines (Hα and
Hβ) in its optical spectrum. In particular, the velocity separation of the peaks and the blue
peak to red peak ratio are both large compared to the values generally seen in this class of
quasars. We examine the potential physical scenarios producing the complex line emission,
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primarily focusing on emission from an asymmetric disk and a binary SMBH.
3.3

The Optical Spectrum of W2332-5056
W2332-5056 was observed with the Gemini Multi-Object Spectrograph (GMOS; Hook

et al. 2004) on the Gemini South telescope (Gemini-S) at two separate epochs. The original
observation was done on UT 2011 May 11 with the B600/520.0 disperser, covering the
observed wavelength range 3800-6070 Å, and consisted of two 10 minute integrations. At
the redshift of W2332-5056, z = 0.3447, this provided spectral access to Hβ, but Hα was
redshifted out of the spectrum. The second spectrum was taken on UT 2011 November 28
with the R400/705.0 disperser, covering the observed wavelength range of 6200-9100 Å, so
that Hα was also accessible.
The broad Hα and Hβ lines show obvious asymmetric structure, best described as
having two broad peaks, one blueward and one redward of the corresponding narrow lines.
However, the red peaks are shallower and much more extended. Hβ shows a possible absorption feature redward of the narrow component, potentially indicating inflowing gas, and
there are also several features near the narrow Hα position, the origin of which is unclear.
3.4

Spectral Analysis
In this section we describe our process for modeling the optical spectrum of W2332-

5056. In particular, we focus on modeling the Hα line complex (Hα+[N II]λ6548+[N II]λ6583)
and the Hβ line complex (Hβ+[O III]λ4959+[O III]λ5007). The standard interpretation of
DPEs is that the broad lines originate from the surface of a geometrically thin accretion
disk around the central SMBH. Since accretion disks should naturally become circular, the
Keplerian disk model of Chen & Halpern (1989) is typically used to model the line profiles
of DPEs. The disk profiles are typically centered around Balmer emission line positions
presumably because of photoionization and electron scattering in the high-density medium
of the disk. There is typically a peak on the red side and a peak on the blue side of the
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narrow emission lines. The specific shape of the line profile is dependent on certain geometrical factors such as the disk inclination, and inner and outer radii, along with the line
broadening and surface emissivity. Furthermore, the blue peaks are typically stronger than
the red peaks because of relativistic beaming.
In order to explore the possible physical interpretations of the broad line origin,
we have applied several different models based on the disk emitter scenario to the these
lines. In order of increasing complexity, these models are 1) a circular, Keplerian accretion
disk, 2) an elliptical accretion disk, and 3) a circular disk plus broad Gaussian component.
Additionally, we applied a generalized double Gaussian model. Since the broad Hα line is
blended with [N II]λ6548 and [N II]λ6583, and the broad Hβ line can often be blended with
[O III]λ4959 and[O III]λ5007, we masked the wavelength regions of these narrow lines and
the narrow Balmer components in our analysis. With these regions masked, we are left with
emission entirely from the broad Balmer components. We modeled the continuum as a local
power-law, separately for each line, by fitting to line-free regions directly adjacent to the blue
and red sides of the lines. For application of the model to Hα and Hβ, we required that the
redshift of the accretion disk be equivalent to that of the narrow Hα and Hβ components,
respectively. This is justified since the narrow Balmer emission lines are generally thought
to be traveling with the systemic velocity of the host galaxy and presumably of the central
SMBH. The narrow components are likely to originate far enough from the SMBH that AGN
outflow mechanisms are unlikely to effect them. To model the broad line emission we fit a
matrix of models with dimensions determined by the parameter ranges and step sizes. We
adopt as the best fitting parameters those which yield the smallest reduced χ2 in the model
sum. When accounting for the masked regions, the number of data points in the Hα and
Hβ fits are 1338 and 1664, respectively.
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Figure 3.1: Hβ and Hα emission line complexes, shown in velocity-space relative to the
narrow Balmer component (positive velocities indicate a blueshift), with the best fit circular
disk model overlaid. The red line indicates the best fit model sum for simultaneous fitting
to Hα and Hβ. The black dashed line is the power-law continuum. The gray shaded regions
were masked during the modeling. Details of the fitting are in Section 3.4.1. Notice that the
model can not adequately account for the large blue-to-red peak ratio.
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3.4.1

Application of the Circular, Keplerian Accretion Disk Model
The axisymmetric disk model that we used for this analysis was adopted from Chen &

Halpern (1989). This model consists of a circular, geometrically thin, rotating Keplerian disk
with a line emitting surface and has been widely used to model double-peaked profiles. There
are five physically motivated parameters: the local broadening of the line (σ), the inclination
of the disk (i ), the inner and outer radii of the disk (ξ1 and ξ2 ) in gravitational units (rg ),
and surface emissivity as a function of radius on the disk () = ξ −q ) where q is a dimensionless
power law index. We fixed the surface emissivity index to q = 3, a commonly used value for
applications of this model in the literature (Chen and Halpern 1989, Eracleous, 1993, 2003,
Stateva 2003, 2008). Additionally, a variable flux normalization factor is required.
We fit the Hα and Hβ broad emission lines with a matrix of models as described in
Section 3.4 with the free parameters of σ, i, ξ1 , ξ2 , and flux normalization. Additionally,
we required that the geometrical disk parameters (σ, i, ξ1 and ξ2 ) of Hα and Hβ be tied to
eachother. This is motivated by the reasonable assumption that both lines originate in the
same accretion disk and therefore the basic geometries should be similar. We note that the
electron densities and temperatures in the gas are likely to vary throughout the disk and as
a result Hα and Hβ may not be emitted from exactly the same regions.
Figure 3.1 shows the Hα and Hβ emission line complexes of W2332-5056 with the best
fitting circular, Keplerian disk model overlaid. The best-fit parameters for this model are
listed in Table 3.1. The circular disk model, which includes the effects of Doppler boosting,
naturally produces a blue peak which is stronger than the red, but this is not sufficient for
large blue-to-red peak ratio seen in W2332-5056. As a result, the blue peaks are undermodeled and the red peaks over-modeled, and this effect is most significant in Hα. Note
that the ratio between the blue and red peaks is smaller for Hβ, which is likely due to the
physical conditions of the gas.
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Figure 3.2: Hβ and Hα emission line complexes, shown in velocity-space relative to the
narrow Balmer component (positive velocities indicate a blueshift), with the best fit eccentric
disk models overlaid. In all cases, the models were fit simultaneously to Hα and Hβ. The
color coding indicates varying eccentricities: e = 0.2 (cyan), e = 0.4 (green), e = 0.6 (blue)
and e = 0.8 (red). The black dashed line is the power-law continuum. The gray shaded
regions were masked during the modeling. Details of the fitting are in Section 3.4.2. Note
that these eccentric disk models can achieve a reasonable fit, particularly for the higher
eccentricities.
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3.4.2

Application of Disk Models with Varying Eccentricity
Since we were not able to achieve a satisfactory fit with the circular disk model, we

have attempted to model the broad lines with an elliptical disk model. This model, adapted
from Eracleous et al. (1995), adds to the circular model two parameters: eccentricity, e, and
azimuthal angle, φ, which allow the disk to have an elliptical shape. This model, described
in detail in Eracleous et al. (1995), produces a larger variety of line profiles relative to
the circular disk, and in turn more flexibility when fitting the broad emission line profiles.
Physically, this shape might arise if an instability is introduced in the disk, such as tidal
disruption of a star or an orbiting body which might allow an eccentricity in the disk to
persist for some time.
Our fitting procedure with the elliptical disk model is the same as for the circular
model. Of the additional parameters φ and e, we allowed φ to be free. In order to explore
a wide range of eccentricities, we fixed e at four different values (e = 0.2, 0.4, 0.6, and 0.8).
The best-fit models are shown in Figure 3.2 and the best-fit parameters are listed in Table
3.1.
The eccentricity in the disk allows for a larger blue to red peak ratio which better
models the broad line profiles. In general, the models with higher eccentricity provide the best
fits. Though disk eccentricities are theoretically possible through some of the mechanisms
suggested in Section 3.2, large values of e are difficult to achieve and will only be transient
(though a binary SMBH would maintain a stable eccentricity for longer, as discussed in
Section 3.6).
3.4.3

Circular Disk Plus Broad Line Region
Since the best-fitting circular (e = 0) model is insufficient and the best-fitting elliptical

model requires unrealistically large eccentricities, we modeled the spectrum with a circular
disk supplemented with a Gaussian component where the peak wavelength, FWHM and
integrated flux were allowed to vary. This modeling was motivated by the analyses presented
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Figure 3.3: Hβ and Hα emission line complexes, shown in velocity-space relative to the
narrow Balmer component (positive velocities indicate a blueshift), with the best fit circular
disk plus BLR model overlaid. The model was fit simultaneously to Hα and Hβ. The green
line is the circular disk model, the blue line is the BLR component, and the red line is the
model sum. The black dashed line is the power-law continuum. The gray shaded regions
were masked during the modeling. Details of the fitting are in Section 3.4.3.
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in Tang & Grindlay (2009) and Barrows et al. (2011). In general, the Gaussian is intended
to represent a region of Doppler broadened line emission, or broad line region (BLR). The
purpose of this extra BLR component is to provide a generalized model for the excess flux
above the circular disk model seen in the blue peak. Figure 3.3 shows the best-fitting circular
plus BLR model. Physically, this excess flux could represent any number of the mechanisms
suggested in Section 3.2 for producing asymmetries or non-uniformities in the disk. This
model provides a fit which is nearly as good as the high eccentricity models, while allowing
for a more general interpretation of the excess flux. The best-fit parameters of this model
are listed in Table 3.1.
3.4.4

Double Gaussian Model
We modeled the spectrum with a generalized double Gaussian model, in which two

broad Gaussians are used to fit the two peaks. Note that this model is not physically
constrained, but merely allows us to obtain parameters regarding the relative fluxes and
velocities of the regions producing the two peaks. While we have masked the possible absorption features, we have fit the narrow lines to obtain parameters for them. We fit the
narrow Balmer lines (Hβ and Hα) with a single Gaussian each, while the [O III] lines were
fit with a narrow Gaussian to represent the core, and an additional, broader, Gaussian to
represent the broad [O III] component often seen in these lines. The best-fitting double
Gaussian model is shown in Figure 3.4. This model provides a fit which is comparable to
the circular disk plus Gaussian model. However, it is not physically constrained (i.e. the
Gaussians could be as broad as necessary and their positions were free to vary).

3.5

Testing the Disk Emitter Scenario
The generally preferred interpretation of the double-peaked broad line profiles in

quasars and AGN is line emission from an accretion disk. For some of these DPEs with un44

Figure 3.4: Hβ and Hα emission line complexes, shown in velocity-space relative to the
narrow Balmer component (positive velocities indicate a blueshift), with the best fit double
Gaussian model overlaid. The green lines indicate the broad Gaussian components, while the
blue lines indicate the primary narrow emission line components, and the cyan lines indicate
the [O III] broad components. The black dashed line is the power-law continuum. The gray
shaded regions were masked during the modeling. Details of the fitting are described in
Section 3.4.1.
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usually strong peaks, such as those discussed in the introduction, an alternative explanation
is an asymmetric accretion disk (e.g. an eccentric disk, a warped disk, or a hotspot in the
disk). Clearly, the circular disk model is highly inadequate for W2332-5056, primarily because of the large blue-to-red peak ratio. An additional reason for the poor fit is the different
blue-to-red peak ratio between Hα and Hβ. This probably reflects the temperature and electron density of the gas in the line emitting portions of the disk. The poor fit obtained with
the circular disk immediately suggests that the disk emission is more complex, suggesting
either a non-axisymmetric shape, a non-uniformity, or a combination thereof. This is not
uncommon, as a significant fraction of double-peaked emitters have required more than a
circular disk model (Strateva et al., 2003; Eracleous & Halpern, 2003). The possibility of an
eccentricity in the accretion disk of some DPEs is suggested by the successful application of
the elliptical disk model of Eracleous et al. (1995). However, we note that the best-fitting
eccentricities are rather high, a result that seems difficult to obtain except in transient states,

Table 3.1: Best-fit parameters for models applied to the broad, double-peaked Hα and Hβ
emission lines in W2332-5056.

Parameter

Circular

Circular+BLR

Elliptical

Double Gaussian

Circular Components
i

27.0

33.0

34.5

32.0

29.5

28.3

-

σ

1700

1600

2500

3100

3100

3200

-

ξ1

85

580

160

235

210

260

-

ξ2

1700

4400

2700

2100

2700

3100

-

FHβ

0.799

0.496

0.784

0.752

0.736

0.727

-

FHα

4.83

2.73

4.90

4.76

4.71

4.81

-

0.8

-

Additional Elliptical Components
e

-

-

0.2
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0.4

0.6

φ

-

-

30

30

30

30

-

BLR Components
F W HMBLR a

-

8800

-

-

-

-

9038.00

∆VBLR a

-

4720

-

-

-

-

3365

FBLR,Hβ a

-

0.273

-

-

-

-

0.699

FBLR,Hα a

-

1.73

-

-

-

-

5.14

F W HMBLR b

-

-

-

-

-

-

9174.90

∆VBLR b

-

-

-

-

-

-

-3965

FBLR,Hβ b

-

-

-

-

-

-

0.382

FBLR,Hα b

-

-

-

-

-

-

2.40

Reduced χ2

4.521

1.906

2.125

1.778

1.698

1.628

2.030

Note: Inclination angles (i) and azimuthal angles (φ) are in degrees. Local broadenings (σ),
BLR line widths (F W HMBLR ) and velocity offsets (∆VBLR , blueshifts being positive) are in
km s−1 . Inner and outer radii (ξ1 and ξ2 ) are in gravitational radii. Fluxes are in 10−14 erg
s−1 cm−2 Å−1 .
a
For the single, blue peak BLR applied to the circular disk model in Section 3.4.3, or otherwise the blue component of the double Gaussian model in Section 3.4.4.
b
Red component of the double Gaussian model.
or otherwise with a stable binary companion. In fact, Eracleous et al. (1995) caution that
the elliptical disk model should not necessarily be taken at face value, but simply shows that
double-peaked profiles can be better fit by disks that can deviate from circularity. Therefore,
to allow for a more general interpretation of these deviations, we added to the circular disk
profile a Gaussian component. This Gaussian component is meant to represent the excess
flux of the blue peak beyond what the circular model can accommodate. We find that
this model yields a fit comparable to the eccentric models, though it suffers statistically
due to the larger number of free parameters. Finally, we have applied a more generalized
double Gaussian model, and find that it also achieves a good fit, though the number of free
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parameters is increased even further.
We can examine conditions of the disk-emitter scenario by considering the energy
requirements for visibility of the disk profile, specifically the ‘energy budget problem.’ There
must be sufficient UV/soft X-ray flux from the vertically extended ion torus to illuminate the
thin portion of the disk with the energy necessary to produce the observed flux in the disk
profile. Strateva et al. (2008) examined the external energy requirements for five DPEs and
concluded that four of them required some form of external illumination. We performed a
similar calculation for W2332-5056: the Hα luminosity in the disk is 1.086×1043 erg s−1 , and
the gravitational power generated by the disk is 1.30 × 1043 erg/s. This yields a LHα /Wdisk
ratio of 0.834 and a L0.5−2

keV /LHα

ratio of 11.23. These results put W2332-5056 among

the five sources from the Strateva et al. 2008 sample in the L0.5−2

keV /LHα

vs LHα /Wdisk

plane of their Figure 7. As with their sources, the LHα /Wdisk ratio is very close to one and
is larger than the 20% upper limit of the Hα fraction from Williams (1980). This result
implies that the Hα luminosity is unlikely to be accounted for entirely by gravitational
power. Furthermore, the L0.5−2

keV /LHα

ratio of > 10 implies that there is sufficient soft

X-ray luminosity to illuminate the disk as required in the torus model.
3.6

Testing the Binary SMBH Scenario
An intriguing possibility is that the complex broad line profile is produced by the

orbital motion of two actively accreting SMBHs. One proposed mechanism for enhancing
the blue peak to the extent seen in W2332-5056 and other unusual DPEs is the presence of
a secondary SMBH in a scenario similar to that for J1536+0441 (Tang & Grindlay, 2009)
and J0932+0318 (Barrows et al., 2011). In this scenario, the secondary, less massive SMBH
is moving toward the observer and orbits near or within the accretion disk of the primary,
more massive SMBH. The secondary SMBH would have its own BLR generated by accretion
of material from the primary’s disk, and/or tidal perturbations caused by the secondary
SMBH could generate a hotspot in the primary’s disk, accounting for the excess flux in the
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blue peak. Additionally, the excess radiation generated by the secondary could provide the
necessary illumination to drive the line radiation from the primary accretion disk, resulting
in the characteristic disk profile. In this binary scenario both SMBHs are actively accreting
and orbiting around the center of mass within the same NLR. The possibility of a binary
SMBH is also suggested by the success of the double Gaussian model, in which the simplest
interpretation is that each of the broad Gaussians represents the BLR around an actively
accreting SMBH.
3.7

Conclusions
We have described the optical spectral properties of the extreme double-peaked emit-

ter WISE J233237.05-505643.5. We modeled the broad double-peaked Hβ and Hα emission
lines with the intention of determining the most likely physical scenarios producing the complex line emission. In particular, we strongly considered the two scenarios of disk-emitter and
binary SMBH. Evidence supporting the disk-emitter scenario includes the following points:

1) Successful application of the elliptical disk model and circular disk plus BLR models,
both of which suggest that a disk model generally works to model the line emission, though
the disk is clearly non-axisymmetric, non-uniform, or both.

2) Based on the soft X-ray luminosity and the Hα disk luminosity, the ‘energy budget’
can successfully be solved for an illuminated accretion disk.

Evidence supporting the binary SMBH scenario is as follows:

1) W2332-5056is an extreme member of the DPE class of quasars, with large values for
the blue-to-red peak flux ratios and velocity offsets which are rarely seen in typical DPEs.

49

2) The presence of a binary companion is an excellent way to achieve the disk asymmetries and/or non-uniformities in the disk implied by the modeling. Furthermore, the circular
disk plus BLR model and the double Gaussian model include components which can be
directly associated with two separate and active SMBHs.

Ultimately, only long-term monitoring will be able to definitively confirm the binary hypothesis in any candidate such as W2332-5056.
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Chapter 4
4

A Candidate Dual Active Galactic Nucleus at z = 1.175

A Candidate Dual Active Galactic Nucleus at z = 1.175

4.1

Abstract
The X-ray source CXOXBJ142607.6+353351 (CXOJ1426+35), which was identified

in a 172 ks Chandra image in the Boötes field, shows double-peaked rest-frame optical/UV
emission lines, separated by 0.69## (5.5 kpc) in the spatial dimension and by 690 km s−1
in the velocity dimension. The high excitation lines and emission line ratios indicate both
systems are ionized by an AGN continuum, and the double-peaked profile resembles that of
candidate dual AGN. At a redshift of z = 1.175, this source is the highest redshift candidate
dual AGN yet identified. However, many sources have similar emission line profiles for which
other interpretations are favored. We have analyzed the substantial archival data available
in this field, as well as acquired near-infrared (NIR) adaptive optics (AO) imaging and NIR
slit spectroscopy. The X-ray spectrum is hard, implying a column density of several 1023
cm−2 . Though heavily obscured, the source is also one of the brightest in the field, with an
absorption-corrected 2-10 keV luminosity of ∼ 1045 erg s−1 . Outflows driven by an accretion
disk may produce the double-peaked lines if the central engine accretes near the Eddington
limit. However, we may be seeing the narrow line regions of two AGN following a galactic
merger. While the AO image reveals only a single source, a second AGN would easily be
obscured by the significant extinction inferred from the X-ray data. Understanding the
physical processes producing the complex emission line profiles seen in CXOJ1426+35 and
related sources is important for interpreting the growing population of dual AGN candidates.

53

4.2

Introduction
It is now generally believed that galaxies evolve in a hierarchical fashion, with galaxies

growing through mergers. Furthermore, evidence suggests that most, if not all, galaxies
contain a supermassive black hole (SMBH) at their center (Richstone et al., 1998). Therefore,
in a galactic merger the force of dynamical friction will act to bring each SMBH toward the
center of the new mass distribution, first forming a dual SMBH (separations of several kpc),
then a gravitationally bound system (sub-pc separations) and eventually merging to form
a single, more massive SMBH. The amount of time spent in each stage is dependent upon
the efficiency of the processes carrying away angular momentum from the system (Begelman
et al., 1980). At large separations (> 10 − 100 pc), the primary force acting on the SMBHs
is dynamical friction from the surrounding gas and dust. As the SMBHs form a binary
system (i.e. harden), ejection of stars becomes most important. Finally at close separations
(< 10−2 pc), gravitational radiation will become the most important mechanism of energy
loss (Milosavljević & Merritt, 2003).
Numerical simulations show that in a wet merger (i.e., where the merging galaxies
possess a significant fraction of gas and dust), tidal interactions are effective at funneling the
gas and dust toward the center of the merging system where the two SMBHs are located,
providing fuel for enhanced accretion (Hernquist, 1989). This process is thought to be a
possible mechanism for initiating an active galactic nucleus (AGN) or quasar phase (Hopkins
et al., 2005, 2008), and the existence of a dual AGN (two actively accreting SMBHs within
the same galaxy) is a natural prediction of this merger fueling model. Therefore, identifying
pairs of SMBHs in the process of merging is extremely important for probing the link between
AGN activity and galaxy evolution.
Unfortunately, observational evidence of such systems has proven very difficult to
obtain. Large samples of binary quasars exist as evidence for quasar clustering and mutual
triggering (Hennawi et al., 2006, 2010; Myers et al., 2007, 2008; Foreman et al., 2009).
However, these are typically at large projected separations (> 10 kpc) and thus generally only
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represent the earliest stage of binary SMBH evolution. Most confirmed cases of dual SMBHs
at smaller separations (between 10 kpc and 1 kpc) have been identified in local ultraluminous
infrared galaxies (ULIRGs) as pairs of X-ray point sources (Komossa et al., 2003; Guainazzi
et al., 2005; Hudson et al., 2006; Bianchi et al., 2008; Piconcelli et al., 2010; Koss et al.,
2011), with much of the optical emission obscured by the heavy internal extinction common
in ULIRGs. In some cases the obscuration is so heavy that only one nucleus is visible,
thus highlighting the difficulty that dusty, merging systems present to identification of dual
AGN. Additionally, the close (7 pc separation) binary SMBH system in the radio galaxy
0402+379 was identified from Very Long Baseline Array (VLBA) observations (Rodriguez
et al., 2006). While the excellent spatial resolution achievable in the radio regime makes the
VLBA capable of detecting close binaries, this technique is time consuming and not suited
to identifying a large sample of sources.
In the past few years, several interesting individual examples of dual/binary SMBH
candidates have been identified from single-epoch optical spectra of AGN or quasars showing double-peaked emission lines. The Sloan Digital Sky Survey (SDSS) spectral archive
(Abazajian et al., 2009) has been a fruitful database for such identifications. However, these
objects do not represent a homogeneous class, and thus the physical interpretation of many
of them, based on single-epoch fiber spectra alone, remains ambiguous.
For example, the sources SDSS J153636.22+044127.0 (J1536+0441, Boroson & Lauer,
2009) and SDSS J105041.35+345631.3 (J1050+3456, Shields et al., 2009b) show doublepeaked, broad Balmer emission lines (Hα, Hβ and Hγ), which resemble two broad line
regions (BLRs) with significant velocity differences (> 2000 km s−1 ). However, these objects
might instead be members of the sub-class of AGN/quasars called ‘double-peaked emitters
’ (also known as ‘disk-emitters’) where the double peaks of the Balmer lines are attributed
to emission from a single accretion disk. Line emission contribution from an accretion disk
is suggested by the extended wings in the Balmer emission lines (particularly evident in
Hα, e.g. Chornock et al., 2010) which is a characteristic disk profile feature. On the other
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hand, these sources are extreme examples of ‘disk emitters,’ and it has been shown that such
strongly double-peaked Balmer lines in quasars may represent cases in which the presence of
a secondary SMBH is effective at enhancing the double-peaked profile produced by the disk
(Tang & Grindlay, 2009; Barrows et al., 2011). One such object, 4C+22.25, identified by
Decarli et al. (2010) as a candidate binary SMBH, shows very high (8700 km s−1 ) velocity
offsets between the two peaks of the Balmer emission lines; it is therefore unlikely to be a
‘disk-emitter’ as the velocity difference is several thousand km s−1 larger than that of any
known similar source (see the sample of Strateva et al., 2003). These results demonstrate the
diversity of double-peaked broad line profiles and emphasize that in a close binary SMBH
there are likely to be strong interactions between the SMBHs and the accretion disks.
A growing number of objects have been identified with narrow forbidden emission lines
that are either offset from the systemic velocity or double-peaked in single-epoch spectra,
many of which have been found through systematic searches for candidate dual AGN, both
in the DEEP2 Galaxy Redshift Survey (Comerford et al., 2009b) and SDSS (Zhou et al.,
2004; Wang et al., 2009; Smith et al., 2010; Liu et al., 2010). Specifically, objects have been
identified as dual AGN candidates because they show strongly double-peaked [OIII]5007
lines (Zhou et al., 2004; Gerke et al., 2007; Peng et al., 2011), or double-peaks in all of the
narrow lines, both permitted and forbidden, e.g. SDSS 092712.65+294344.0 (J0927+2943,
Komossa et al., 2008b; Bogdanović et al., 2009b; Dotti et al., 2009). These double-peaks
indicate two sets of narrow emission line regions (NLRs), and are suggestive of dual AGN
with separations up to several kpc. These systems are excellent sources for study because, at
the implied kpc-scale separations, the two putative AGN can be resolved in two-dimensional
spectroscopy and imaging.
However, double-peaked narrow lines have been seen in a number of AGN and quasars
where other physical explanations have been favored. For example, NLRs are thought to have
complex gas kinematics which may include radially flowing material capable of producing
offset or double-peaked narrow emission lines (Heckman et al., 1981). In particular, power-
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ful radio galaxies often show complex, spatially extended NLRs with multiple components
aligned along the radio axis (see reviews of radio galaxies in McCarthy, 1993 and Miley & De
Breuck, 2008). Models for this alignment include reflection of the AGN emission (Tadhunter
et al., 1988), jet-induced star formation (De Young, 1981), inverse Compton scattering of
cosmic microwave background photons off the relativistic electrons in the radio jet (Daly,
1992), material out-flowing from an accetion disk or entrained in a radio jet (Holt et al.,
2003, 2008; Komossa et al., 2008a), as well as a combination of shocks and photoionization
by the central engine (Maxfield et al., 2002). There is an extensive literature on the spatially
extended, kinematically complex NLRs of powerful radio galaxies (van Ojik et al., 1996;
Villar-Martı́n et al., 2000, 2007, 2010; Zirm et al., 2005; Nesvadba et al., 2006). Though radio galaxy NLRs often appear vaguely reminiscent of dual AGN candidates, multiple AGN
are rarely suggested as possible interpretations of the complex radio galaxy NLRs. Finally,
simple geometrical interpretations have been invoked to explain double-peaked narrow lines
in AGN, such as a rotating, disk-shaped NLR or a single AGN illuminating two NLRs (Xu
& Komossa, 2009).
Developing a clear understanding of the physical process producing these often complex emission line profiles is important to both the search for dual AGN and to further
understand quasar/AGN emission line regions in general. Since it is clear that a number of
physical processes other than a pair of AGN can explain double-peaked emission lines (broad
and/or narrow), more information is necessary to entirely reject or confirm any one model.
From single-epoch spectra, emission line ratios may be used as diagnostic tools to constrain
the nature of the ionizing continuum producing each set of emission lines. Other observational tools include spatially resolved spectroscopy, synoptic spectroscopic observations, and
high resolution imaging.
In this paper we discuss the X-ray source CXOXBJ142607.6+353351 (from here on
CXOJ1426+35) which was originally identified as an X-ray source in the Boötes field (Wang
et al., 2004). In follow-up slit-spectroscopy, CXOJ1426+35 showed double rest-frame opti-
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cal/UV emission lines, separated spatially by 0.69## , and in velocity-space by 690 km s−1 ,
as measured from the [OIII]5007 line. We discuss CXOJ1426+35 as an example of a candidate dual AGN, and place its spectral and morphological properties within the context
of other candidate dual/binary SMBHs. We examine a variety of possible explanations for
the double-peaked emission lines. Interestingly, CXOJ1426+35 is at z = 1.175, the highest
redshift yet for a candidate dual AGN, where previously candidates were identified out to
z ≈ 0.8. At this redshift, we have access to rest-frame UV emission lines which is unique
among the current sample of candidate dual AGN in the literature. Section 4.3 discusses the
known properties of CXOJ1426+35 and Section 5.8 discusses various physical interpretations
of the data. Section 4.5 takes CXOJ1426+35 as a pedagogical example to describe a number
of methods by which candidate dual/binary SMBHs may be confirmed or rejected. Section
5.9 contains the conclusions. Throughout the paper we assume cosmological parameters of
H0 = 70 km s−1 kpc−1 , ΩM = 0.30 and ΩΛ = 0.70.
4.3

Properties of the Source
In an attempt to understand the nature of the complex line emission of CXOJ1426+35,

we first summarize in this section the known properties of the source. The multi-wavelength
data available for CXOJ1426+35 include both archival data and newly obtained data from
the Keck II telescope in Hawaii.
4.3.1

Archival Data
The photometric properties of CXOJ1426+35 from archival observations are summa-

rized in Table 4.1. The mid-IR through near-ultraviolet (NUV) colors are displayed as a
broad-band spectral energy distribution with best-fitting spectral templates in Section 4.3.3.
We begin by describing the archival observations.
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4.3.1.1

Chandra X-ray Data

CXOJ1426+35 was detected with the Advanced CCD Imaging Spectrometer (ACIS-I;
Garmire et al., 2003) on board the Chandra X-Ray Observatory (CXO) in a 172 ks image
of the Large Area Lyman Alpha (LALA) Boötes field (Wang et al., 2004). The total image
was composed of two exposures taken on April 16-17 and June 9 of 2002. In Wang et al.
(2004), the reported number of background-subtracted soft (0.5 - 2.0 keV) and hard (2.0+17.2
7.0 keV) counts, determined by ‘wavdetect,’ are 24.3+6.6
−5.4 and 240.8−11.0 , respectively, which

yields a hardness ratio (defined as HR ≡ (H − S)/(H + S), where H and S are the number
of the hard and soft counts, respectively) of 0.82. Assuming Galactic absorption and a
power law spectrum, the hardness ratio corresponds to a photon index of Γ = −1.3, which
is significantly harder than the typical observed Γ = 1.4 of AGN when not corrected for
absorption. Interestingly, out of 168 sources detected in the field by Wang et al. (2004), only
thirteen have larger 0.5-10 keV fluxes and only seven are more obscured (i.e., have higher
hardness ratios); no brighter sources have higher hardness ratios. Thus, CXOJ1426+35 is
unique in that it is both relatively bright and heavily obscured (i.e., Figure 2 of Wang et al.,
2004).
Unfortunately, the off-axis detection of CXOJ1426+35 means that it is unresolved by
CXO. However, the high number of hard counts allowed us to obtain a reasonable spectrum.
To do so, we re-reduced the data using the CIAO software, following the standard procedure
for extracting source and background regions, and creating response files for spectral analysis.
The two observations were processed independently. In each event file, we extracted a source
region 30 pixels (15## ) in diameter centered on the centroid position of the source and a
background region 50 pixels (25## ) in diameter adjacent to the source region. The source
regions, background regions and response files were used in XSPEC to perform spectral
modeling. For each event file, the spectra were re-binned so that each bin had at least
15 counts. When fitting the models, the same model was fit to the spectrum from each
observation simultaneously to place tighter constraints on the parameters. All bad channels
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Figure 4.1: Chandra/ACIS spectrum and model residuals of CXOJ1426+35 in the observed
frame. The top panel shows the combined data sets of the extractions from both the 120 ks
and 58 ks images (in Wang et al. 2004 the 58 ks image was corrected to 52 ks, hence their
quoted total time of 172 ks), and the best fit absorbed power-law model is overlaid. The
bottom panel shows the residuals from the best fit model.
were ignored, and the first channel of each data set (where there are few counts) was also
ignored. A simple absorbed power law was fit with the redshift frozen at z = 1.175 (see
Section 4.3.2.1 for the redshift determination). The spectrum, with the model overlaid and
residuals underneath, is shown in Figure 4.1. The residuals around ∼ 3 keV are suggestive of
rest-frame 6.4 keV Fe Kα emission, though there are too few counts to obtain a good line fit.
The best fit parameters are an intrinsic power-law slope Γ = 1.96+1.24
−0.57 and column density
23
nH = 5.90+4.94
cm−2 . This column density implies a highly obscured source. From
−1.81 × 10
−14
the best fit model the observed 2-10 keV flux is 5.44+0.65
erg s−1 cm−2 or 2.81+0.33
−0.58 × 10
−0.30 ×

10−3 µJy (Table 4.1) which corresponds to an absorption-corrected intrinsic luminosity of
44
L2−10keV = 9.7+3.0
erg s−1 . From L2−10keV , the bolometric correction of Hopkins et al.
−2.3 × 10

(2007) yields LBOL ≈ 9 × 1046 erg s−1 .
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Figure 4.2: Stacked g + r + i SDSS image centered on the position of CXOJ1426+35. The
larger image is 90## on a side with North up and East to the left. The inset is a close-up of
CXOJ1426+35, 10## on a side, showing that the galaxy is clearly extended with a position
angle of P.A.= −54.1◦ . Boxes show the spectroscopic slit configurations obtained using LRIS
(P.A.= −21◦ , slit width = 1.5## ) and NIRSPEC (P.A.= −54.1◦ , slit width = 0.7## ). Note the
bright star, r = 13.04, ∼ 25## to the east of CXOJ1426+35, making this galaxy an ideal AO
target.
4.3.1.2

UV Imaging

CXOJ1426+35 was detected by the NUV detector on the Galaxy Evolution Explorer
(GALEX ; Martin et al., 2003) which has an observed bandwidth of 1771-2831 Å and effective
wavelength of 2271 Å. The 5## FWHM resolution of the NUV detector on GALEX is unable
to resolve CXOJ1426+35. Therefore, for photometry we have used the flux measurement
from the 3.8## radius aperture (to most closely match the 4## radius aperture for the IRAC
data; Section 4.3.1.4). We then corrected to a total magnitude using the correction factor
from Morrissey et al. (2007) and converted to a Vega magnitude calculated based on the
model atmosphere of Vega from Kurucz (1993). The NUV photometry is listed in Table 4.1.
CXOJ1426+35 was not detected by the far-ultraviolet (FUV) detector on GALEX.
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4.3.1.3

Optical/Near-IR Imaging

CXOJ1426+35 is well-detected by the SDSS (Figure 4.2). In Table 4.1 we list the
model magnitudes, calculated by the SDSS pipeline using the best fitting function (either
a deVaucouleurs or an exponential profile - in this case an exponential profile) in the r
band and applying that model to the other bands. We converted the SDSS magnitudes
to AB magnitudes following Bohlin et al. (2001): ABof f set ≈ 0.04, 0.0, 0.0, 0.0, and −0.02
magnitudes for u, g, r, i, and z, respectively, where MAB = MSDSS −ABof f set . We then
converted to Vega magnitudes based on the model atmosphere of Vega from Kurucz (1993).
Figure 4.2 shows the stacked g + r + i SDSS image of CXOJ1426+35, revealing a clearly
extended host galaxy.
Note that the 8.5 deg2 Boötes field has been deeply imaged at optical wavelengths by
the NOAO Deep, Wide-Field Survey (NDWFS; Jannuzi et al., 2000). However, the bright
star ∼ 25## East of our target (see Figure 4.2), while useful for the AO observations discussed
in Section 4.3.2.2, severely contaminates the NDWFS photometry for CXOJ1426+35 due to
a bright diffraction spike.
The Boötes field has also been deeply imaged at NIR wavelengths (J, H, and Ks )
using the NOAO Extremely Wide-Field Infrared Imager (NEWFIRM; Probst et al., 2004,
2008) on the 4-m Mayall Telescope at Kitt Peak National Observatory. Those data were
obtained as part of the Infrared Boötes Imaging Survey, an NOAO Large Survey Program
(Gonzalez et al., in prep.). CXOJ1426+35 is detected in all bands. Table 4.1 lists the
corresponding photometry in both Vega and AB magnitudes, where the latter assume the
Vega-AB offsets from Blanton et al. (2005).
4.3.1.4

Mid-IR Imaging

CXOJ1426+35 has mid-IR data available from the Spitzer Deep, Wide-Field Survey
(SDWFS; Ashby et al., 2009), a four-epoch infrared survey of 10 deg2 in the Boötes field
using the Infrared Array Camera (IRAC; Fazio et al., 2004) on the Spitzer Space Telescope.
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Magnitudes are provided for channels 1, 2, 3 and 4, which correspond to bandpasses with
effective wavelengths of 3.6, 4.5, 5.8 and 8.0 µm, respectively. The photometry listed in
Table 4.1 assumes the position measured in the 4.5 µm image, and uses 4.0## radius aperture
photometry, corrected to total magnitudes, and converted from Vega magnitudes to AB
magnitudes using constants listed in the IRAC Data Handbook. The mid-IR colors are
AGN-like, falling within the empirical separation of active galaxies from Galactic stars and
normal galaxies (Stern et al., 2005), though it does lie on the red end of the overall AGN
distribution.
4.3.1.5

Radio Imaging

CXOJ1426+35 is undetected in the deep, 1.4 GHz observation of the Boötes field
by the Westerbork Synthesis Radio Telescope (de Vries et al., 2002). These data reach a
median noise level of 140µJy (5σ), and at this depth, no sources are detected within 14.6# of
CXOJ1426+35. For a source at a redshift of z = 1.175, this detection limit corresponds to
a radio power of P1.4

GHz

= 1 × 1023 W Hz−1 . For comparison, we used the 1.4 GHz radio

powers of the 14 compact radio sources in Holt et al. (2008) (calculated using the published
power law indices) as those sources also exhibit narrow emission lines with velocity offsets,
presumably as a result of interactions between the radio jets and the NLR clouds. The
range of radio powers is P1.4
P1.4

GHz

GHz

= 3.8 × 1026 − 1.5 × 1028 W Hz−1 , with a median of

= 3.8 × 1027 W Hz−1 , meaning this sample of compact radio sources would have

all been detected in this observation. Therefore, CXOJ1426+35 is unlikely to be a similarly
strong, compact radio source.
Table 4.1: Photometric data for CXOJ1426+35.

Obs. Bandpass
2-10 keV
0.5-2 keV
2271

Åa

Rest Bandpass
13.0 keV
2.7 keV
1060 Å

mAB
...
...
22.24±0.02

mVega
...
...
20.57±0.02
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Fν (µJy)e
2.81+0.33
−0.30
4.44+4.01
−2.11

Detector/Instrument

× 10−3

Chandra/ACIS

× 10−5

Chandra/ACIS

4.630.10
0.09

GALEX /NUV

ub

1630 Å

21.56±0.23

20.56±0.23

gb

2190 Å

21.78±0.09

21.87±0.09

rb

2865 Å

ib

3505 Å

zb

4200 Å

Jc

5975 Å

Hc
Ks

7585 Å

c

1.0µm

3.6µmd
4.5µmd
5.8µmd
8.0µmd

1.7µm
2.1µm
2.7µm
3.7µm

21.26±0.09
20.71±0.09
20.50±0.26
20.37±0.09
20.41±0.28
20.10±0.58
19.76±0.02
19.47±0.02
18.87±0.06
17.97±0.03

21.10±0.09
20.32±0.09
19.98±0.26
19.46±0.09
19.02±0.28
18.25±0.58
16.97±0.02
16.21±0.02
15.14±0.06
13.57±0.03

8.95+2.01
−1.64

7.05+0.54
−0.50

11.38+0.87
−0.81

18.88+1.44
−1.34
22.49+6.09
−4.79
26.16+2.72
−2.47

25.34+8.13
−6.17

+24.69
33.53−14.23

45.77+1.53
−1.49

58.96+1.97
−1.91

101.09+7.32
−6.85

242.24+10.24
−9.87

SDSS
SDSS
SDSS
SDSS
SDSS
NOAO/NEWFIRM
NOAO/NEWFIRM
NOAO/NEWFIRM
Spitzer /IRAC
Spitzer /IRAC
Spitzer /IRAC
Spitzer /IRAC

Magnitude determined for the 3.8## radius aperture corrected to total magnitude (see Section 4.3.1.2).
b
SDSS Model magnitudes (see Section 4.3.1.3).
c
Magnitudes are for a Kron-like elliptical aperture (see Section 4.3.1.3).
d
Magnitudes determined for the 4## radius aperture corrected to total magnitudes (see Section 4.3.1.4).
e
The Chandra flux densities are not absorption-corrected.
a

4.3.2

New Data and Analysis
While targeting a mid-IR transient which proved to be a self-obscured supernova at

z ∼ 0.2 (Koz&lowski et al., 2010), we obtained a deep spectrum of CXOJ1426+35 at Keck
Observatory in March 2010. As described below, this intriguing spectrum triggered several
additional observations.

4.3.2.1

Keck/LRIS: Optical Spectroscopy

Optical spectra of CXOJ1426+35 were obtained with the Low Resolution Imaging
Spectrometer (LRIS; Oke et al., 1995) on UT 2010 March 12 using the D680 dichroic and
the 400/3400 grism on the blue side and the 400/8500 grating on the red side. The 1.5## slit
was oriented at P.A.= −21◦ . The data consisted of three exposures of 1200 seconds each.
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For a 1## slit, this instrument configuration provides a resolution of 6.5 − 7.1 Å (FWHM)
on the blue side of the dichroic and 6.9 Å (FWHM) on the red side of the dichroic for
objects filling the slit. We processed the data using standard techniques within IRAF. The
2D-spectra (Figure 4.3) show two emission line systems separated both spatially and along
the dispersion axis. At a P.A. of −21◦ , the spatial separation is 0.48## , as measured from
the [NeV]3426 line. To model the emission line velocity-offsets and widths, we extracted
an aperture of 3## in diameter to recover the flux from the entire source (both emission line
systems plus the continuum), and separate apertures centered on each component to isolate
the flux from the ‘blue’ and ‘red’ systems. Figure 4.4 shows the 3## extraction with the
emission line identifications. These extractions mimic what a SDSS fiber spectrum of the
source would look like, though the spatially resolved spectrum, shown in Figure 4.3, provides
considerable additional information.
The extracted spectra were corrected for Galactic extinction using a color excess of
E(B − V ) = 0.015 determined from the model of Schlegel et al. (1998). We used SPECFIT
(Kriss, 1994) to model each emission line as two Gaussian profiles (for the ‘blue’ and ‘red’
emission line systems, respectively) on top of a local continuum. Unfortunately, the individual component apertures have significant contamination from each other, making it difficult
to deconstruct the emission line flux attributable to each emission line system. Therefore,
those apertures were used only to obtain estimates for the observed central wavelengths of
each emission line, and the lines were fit again in the 3## aperture to determine the spectral model parameters and associated errors. For the highly blended emission lines, some
of the Gaussian parameters were fixed to those of less blended lines with similar ionization
potentials. Doublets with rest wavelengths close together were modeled as single Gaussians.
We also detected an absorption feature which is consistent with an H9 absorption line at
a redshift intermediate to the two emission line systems. For each free parameter that was
fit, the quoted errors correspond to 1σ uncertainties, and these errors were propagated into
any further calculations. The line fluxes, FWHMs, redshifts and velocities separations are
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Figure 4.3: Prominent emission lines seen in the Keck/LRIS 2-D spectrum of
CXOJ1426+35. The two components are most clearly seen in the forbidden lines which
are narrower and less blended. For lines with blended doublets, particularly CIV1549 for
which the ‘blue’ component is much weaker than the ‘red’, the two components are more
difficult to resolve but still present. From left to right, the first four panels show emission
lines from the blue side of the dichroic, and the last five panels are from the red side of the
dichroic. The dispersion scale is 1.90 Å pixel−1 for the blue side and 1.18 Å pixel−1 for the
red side. Note that the blue side was binned by two pixels in the dispersion direction. Along
the spatial axis the scale is 0.135 arcsec pixel−1 . In each box the horizontal axis (relative
velocity) spans 4000 km s−1 and the vertical axis (spatial separation along the slit) spans
10## . At a P.A. of −21◦ , the spatial separation between the two components is 0.48## and the
velocity separation is 790 km s−1 , as measured from [NeV]3426.
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Figure 4.4: Keck/LRIS spectrum of CXOJ1426+35, in the observed frame, extracted from
a 3## diameter region including both velocity components, mimicking the source spectrum
through an SDSS fiber. The emission lines and atmospheric absorption lines (A and B
band) are labeled. Note the double high ionization narrow emission lines, suggestive of two
Type 2 AGN in the process of merging. Two dimensional spectra of these emission lines are
presented in Figure 4.3.
presented in Table 4.2.
For both the ‘blue’ and ‘red’ systems each emission line is well-fit by a single Gaussian.
As measured from [NeV]3426, the redshifts for the ‘blue’ and ‘red’ systems are z = 1.1715
and z = 1.1773, respectively. The range of spectral coverage is 3100 − 5200 Å on the blue
side of the dichroic and 6700 − 9600 Å on the red side of the dichroic, which corresponds to
rest-frame wavelength ranges of 1430 − 2380 Å and 3080 − 4410 Å and allows us access to a
range of rest-frame optical and UV emission lines that are useful in diagnosing the structure
and kinematics of the NLR gas from their velocities and line widths. If the absorption line
is interpreted as H9 absorption within the host galaxy, this yields a systemic redshift of
z = 1.1751. At this redshift, the emission line velocity-splitting is 790 km s−1 as measured
from [NeV]3426. With no broad components detected in any of the optical/UV emission
lines, the spectrum of CXOJ1426+35 resembles that of a Type 2 AGN, which in the unified
theory of AGN implies that the BLR and central continuum source are obscured. This is
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consistent with the heavy obscuration implied by the X-ray data.
4.3.2.2

Keck/NIRC2: Adaptive Optics Imaging

Adaptive optics (AO) imaging of CXOJ1426+35 was obtained by the narrow camera
of the Near Infrared Camera 2 (NIRC2; van Dam et al., 2004) at the Keck II telescope on
UT 2010 June 30. These data consisted of three 180 second data exposures at P.A.= 0.0◦
!

through the K filter with an effective wavelength of λef f = 2.12 µm which corresponds
to a rest-frame wavelength of λef f ∼ 1µm. An average dark field image was created using
‘imcombine’ and was subtracted from each data image. Each image was flat-fielded and
then differenced from the other science frames. The images were shifted using the position
of the target and then stacked using ‘imcombine’. The final stacked image, 10## on a side, is
shown in Figure 4.5 and compared to the g + r + i SDSS image and the NIRSPEC image
(see Section 4.3.2.3). The image reveals a single, diffuse source. The lack of two nuclei
!

in the K band implies that either there is no second AGN or alternatively that there is
significant obscuration around 1µm. Significant obscuration would also be consistent with
the high column density implied by modeling of the X-ray data (Section 4.3.1.1) and with
the extinction implied by our modeling of the spectral energy distribution (Section 4.3.3).
4.3.2.3

Keck/NIRSPEC: Near-IR Imaging and Spectroscopy

NIR imaging and spectroscopy of CXOJ1426+35 was obtained using the Near Infrared
Spectrometer (NIRSPEC; McLean et al., 1998) at the Keck II telescope on UT 2010 July
18.
Imaging: The imaging consisted of 11 dithered images of 10 seconds each. The filter used was the NIRSPEC-1 filter which has a wavelength range of 0.95 − 1.12 µm and
is approximately a Y-band filter. The images were flat-fielded and then differenced. The
background was subtracted using ‘background’ for each quadrant of each image independently and cosmic rays were removed using ‘xzap’ in IRAF. The images were stacked with
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Figure 4.5: From left to right: stacked g + r + i SDSS (0.40 arcsec pixel−1 ), Y-band
!
NIRSPEC (0.18 arcsec pixel−1 ) and K -band NIRC2 - AO (0.01 arcsec pixel−1 ) images. In
each image, the scale bar represents 10 kpc at z = 1.175. The AO image has been smoothed
by convolving with a Gaussian function using the ‘gauss’ task in IRAF.
‘imcombine’ using for offsets the brightest star, when available, and the target otherwise.
At a redshift of z = 1.175, the filter provides rest-frame coverage of 0.44 − 0.52 µm. The
final, combined image is presented in Figure 4.5 and reveals that the host galaxy dominates
at optical wavelengths and consists of an elongated and “lumpy” structure that hints at a
disturbed morphology.
Spectroscopy: We obtained NIRSPEC spectroscopy in low-resolution mode using a
0.7## wide slit placed at a position angle of P.A.= −54.1◦ so that the spatial axis was parallel
to the major axis measured in the SDSS image. For a 0.38## slit, the spectrograph provides
a resolving power of ∼ 2, 200. At two positions, A and B, along the slit, four 300 second
exposures were taken in the order ABBA. The same filter as for imaging, NIRSPEC-1,
was used. The spectra were differenced, cleaned of cosmic rays using the IRAF task ‘szap’
and background subtracted using ‘background’. The spectra were shifted and stacked using
‘imcombine’.
The range of spectral coverage allows us access to the Hβ, [OIII]4959 and [OIII]5007
lines, which clearly show two emission line components (Figure 4.6). As measured from
[OIII]5007, the separation between the two components along the spatial axis (parallel to
the major axis of the galaxy in the NIRSPEC image) is 0.69## . Aperture extractions and
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Figure 4.6: Panel showing the Hβ and [OIII]5007 emission lines in the 2-D NIRSPEC
spectrum taken at P.A. of -54.1◦ . The dispersion scale is 2.10 Å pixel−1 , and the scale along
the spatial axis is 0.143 arcsec pixel−1 . In each box the horizontal axis (relative velocity)
spans 3000 km s−1 and the vertical axis (spatial separation along the slit) spans 9## . At P.A.
of -54.1◦ (aligned parallel to the major axis of the galaxy), the spatial separation between
the two components is 0.69## and the velocity separation is 690 km s−1 , as measured from
[OIII]5007.
spectral modeling proceeded as with the LRIS spectrum. Three apertures were extracted that
include a region of 3## diameter encompassing the entire source, and separate apertures for
the each of the ‘blue’ and ‘red’ systems. The extracted spectrum was corrected for Galactic
extinction, and spectral modeling was performed on the 3## aperture with ‘SPECFIT’ with
initial guesses for the line central wavelengths determined from the individual apertures for
each component. The ‘red’ Hβ component is very weak and therefore we have fixed its
FWHM to that of the ‘red’ [OIII]5007 component and adopted the measured flux as an
upper limit. Line fluxes, FWHMs, redshifts and emission line velocity-splittings are listed
in Table 4.2.
The emission lines for both the ‘blue’ and ‘red’ systems are each fit by a single
Gaussian (Figure 4.7). The [OIII]5007 line has the highest S/N and the wavelength solutions
for the Gaussian peaks provide a line of sight velocity separation of 690 km s−1 . The ratios
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Figure 4.7: NIRSPEC spectrum of CXOJ1426+35, in the observed frame, extracted from
an aperture 3## in diameter that includes both velocity components. The emission lines are
Hβ, [OIII]4959 and [OIII]5007. Overlaid on the spectrum are the best-fit Gaussians. Each
emission line is fit by two Gaussians, one for the ‘blue’ and one for the ‘red’ emission line
component.
between Hβ and Hγ are consistent within their errors with case B recombination theory
for a reasonable NLR temperature range of 2,500-20,000 K (Osterbrock & Ferland, 2006).
Considering the significant error of the Hγ flux measurement, we do not find any measurable
Balmer decrement in the narrow emission line systems. The ratio between [OIII]5007 and
Hβ is highly useful in diagnosing the nature of the ionizing continuum through its placement
on a BPT diagram (Baldwin et al., 1981). The line fluxes provide [OIII]5007/Hβ ratios of
8.9 ± 3.2 for the ‘blue’ system and a lower limit of 11.5 for the ‘red’ system. Though we
do not have access to Hα and can not uniquely place the emission line systems on a typical
diagnostic diagram (Kauffmann et al., 2003; Kewley et al., 2006), the [OIII]5007/Hβ ratios
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put both systems above the demarcation defined in Kewley et al. (2001), clearly indicative
of AGN and consistent with the high ionization lines observed in the optical spectrum.
4.3.3

Modeling of the Spectral Energy Distribution
Motivated by the high level of AGN obscuration implied from the X-ray HR and

by the SDSS and NIRSPEC images, which suggest that the galaxy dominates at optical
wavelengths, we have attempted to separate the SED into galaxy and AGN components to
determine their relative contributions. This was done to determine if the AGN extinction
inferred from the SED is consistent with the X-ray HR (Hickox et al., 2007) and, furthermore,
if the SED is potentially consistent with two AGN. We modeled the broad-band photometry
of CXOJ1426+35 using the SED templates for AGNs and galaxies of Assef et al. (2010).
The four empirically constructed SED templates that form this basis extend from 0.03 to
30 µm and include an old stellar population (referred to as E), an intermediate star forming
Table 4.2: Fluxes, FWHMs, redshifts and velocity-splittings for emission lines in both
systems.
Blue System
Line

Red System

Flux

FWHM

z

Flux

FWHM

z

23.30±6.23

1120.95a

1.1718c

109.04±9.85

1120.95±85.65

1.1776

797.37±75.49

HeII1640

20.70±6.50

818.90±162.03

1.1715

29.52±6.58

872.33±141.95

1.1779

882.47±157.33

[OIII]1663

1.65±0.47

555.68b

1.1720b

3.10±0.54

474.17b

1.1770b

690.95b

CIII]1909

14.72±6.19

925.58±154.08

1.1687

14.34±6.22

1003.31±192.97

1.1745

971.68±236.55

CII]2326

3.30±1.90

880.83±63.68

1.1718

2.32±1.98

901.53±239.35

1.7758

799.66±462.92

[NeV]3426

19.14±1.25

590.33±39.64

1.1715

17.48±1.20

509.30±36

1.1773

795.14±28.90

[OII]3727

178.05±76.04

719.33±170.34

1.1722

80.10±82.79

697.81±237.48

1.1771

681.88±333.59

67.97±5.73

615.60±63.09

1.1718

37.06±6.54

542.78±97.99

1.1772

736.66±49.73

[NeIII]3968

36.13±2.27

615.60c

1.1718c

19.35±1.61

542.78c

1.1772c

736.66c

Hγ

59.11±8.21

587.03d

1.1724d

33.46±6.39

474.17d

1.1766d

579.46d

[OIII]4363

26.47±5.04

555.68b

1.1720b

12.34±3.46

474.17b

1.1770b

691.04b

178.67±63.15

587.03±274.57

1.1724

≤ 79.98

474.17b

1.1766

579.46±156.43

1.1770b

675.94±44.75

1.1770

690.95±44.82

CIV1549

[NeIII]3869

Hβ
[OIII]4959

511.11±108.30

487.90±59.76

1.1721

186.61±40.34

474.17b

[OIII]5007

1581.48±132.82

555.68±19

1.1720

477.93

474.17±45.55

72

Velocity-splits

Note: Fluxes are in units of 10−17 erg s−1 cm−2 Å−1 , and FWHMs and velocity-splttings
relative to z = 1.175 are in units of km s−1 . All errors correspond to 1σ uncertainties.
a
Fixed to the ‘red’ CIV1549 component.
b
Fixed to [OIII]5007.
c
Fixed to the value for [NeIII]3869.
c
Fixed to the value for Hβ.
population (Sbc), a strongly star-forming population (Im), and an AGN component. We refer
the reader to Assef et al. (2010) for details on the SED templates. The standard approach of
Assef et al. (2010) is to fit the broad-band photometry with a non-negative linear combination
of these four templates, allowing for additional dust extinction for the AGN component (and
only the AGN component). However, this approach does not allow for a satisfactory fit to
the broad-band photometry (χ2 = 185; Fig. 4.8a). Led by the possibility of CXOJ1426+35
being a dual AGN, we have modified our analysis and attempted to model the SED with two
independent AGN components, each with a different amount of extinction, in addition to the
host components. This approach yields a much better fit (χ2 = 54), as shown in Figure 4.8b.
An unreddened low luminosity AGN component is used to model the UV excess over the
galaxy-host SED, while another AGN component, intrinsically 10 times more luminous and
with large amounts of obscuration (E(B − V ) = 3.44), is used to model the mid-IR emission.
This fit, while much better than that obtained with the standard approach of Assef et al.
(2010), is still not completely satisfactory; the i−band, which includes redshifted [OII]3727
emission, is underpredicted by ∼ 3.5 σ, and the IRAC 8.0µm band is underpredicted by
∼ 4 σ. This does, however, lend credibility to the hypothesis that CXOJ1426+35 is a
dual AGN. The SED modeling is compatible with the X-ray HR - the color excess implies
nH ≈ 2 × 1023 cm−2 , assuming an SMC-like gas/dust ratio (Maiolino et al., 2001) - and with
the single source detected in the AO image, as the more luminous but highly reddened AGN
component would dominate the X-ray emission but would be virtually invisible at rest-frame
1 µm (A1µm = 4.66 mag from the extinction law of (Cardelli et al., 1989) and for RV = 3.1.).
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Figure 4.8: SED fits to the broad-band photometry assuming a single (panel a) and dual
(panel b) AGN components. The best-fit AGN components in each case are shown by the dotdashed lines, while the Im component is shown by the dashed lines and the Sbc component is
shown by the dotted lines (see Assef et al., 2010, for details on the SED templates). The solid
line shows the best-fit SED, which corresponds to the addition of the different components.
The optical broad lines of the less luminous, unreddened AGN (with ∼ 10% of the host
luminosity) would be too faint to be detectable (Hopkins et al., 2009), consistent with our
observations. We also find no significant evidence for a broad component in the UV lines,
though in this model a broad component in CIV1549 would possibly be detectable with
sufficient signal quality. The relative luminosities of the two AGN components in the dual
AGN model are consistent within the factor of 4 uncertainty of the bolometric luminosities,
5 × 1046 erg s−1 and 1.5 × 1046 erg s−1 for the ‘blue’ and ‘red’ components, respectively, from
the L[OIII] bolometric correction for Type 2 AGN in Lamastra et al. (2009).
We note that an alternative approach would be to associate the UV excess with a very
young stellar population instead of a second, lower luminosity AGN. Such a scenario would
imply a star-formation rate of approximately 40 M% yr−1 using the total UV luminosity
at 2150 Å and the relation of Madau et al. (1998) for a Salpeter IMF, and a stellar mass
of approximately 1010 M% using the g − r color and M/LK relation of Bell et al. (2003)
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for the host. A specific star-formation rate of ∼ 4 × 10−9 yr−1 is close to the high end
of the distribution at the redshift of CXOJ1426+35 (see Cooper et al., 2008) but it is not
implausibly large, making this modeling of the SED a viable alternative to the dual AGN
scenario.
4.4

Interpretation
In this section, we discuss six physical scenarios which may account for the unusual

double emission line peaks observed in the restframe optical/UV lines, and the morphology
as evident from the images, particularly the lack of a double nucleus in the NIRC2-AO image.
These scenarios are a chance superposition, a rotating accretion disk, jet/cloud interactions,
an unusual NLR geometry, accretion disk outflows, and a dual AGN. Similar explanations
have been invoked for other dual AGN candidates and sources with double-peaked or offset
emission lines (in particular, see the discussions of Gerke et al., 2007, Komossa et al., 2008a,
and Xu & Komossa, 2009), though we elaborate upon them here. We discuss the applicability
of each scenario to CXOJ1426+35, concluding that a dual AGN is a viable explanation.
4.4.1

Superposition
A chance superposition of two unrelated sources has occasionally been posited as a

possible interpretation of the multiple narrow emission lines seen in dual AGN candidates.
Ignoring the fact that, in this case, the interpretation is rather forced since two systems with
this little separation both physically and in velocity space are unlikely to be unrelated, we can
use the surface density of AGN to estimate the probability of such a chance superposition.
Using the SDSS quasar catalogue (Schneider et al., 2007) to determine the surface density
of luminous (brighter than Mi = −22.0) quasars at 1.165 < z < 1.185 (e.g., a redshift bin
equivalent to nearly one hundred times the velocity difference between the two systems),
we find a probability of ∼ 3 × 10−8 that CXOJ1426+35 is due to a chance superposition of
field galaxies. Though the SDSS quasars are luminous Type 1 quasars and do not include
75

obscured sources such as CXOJ1426+35, this small probability strongly argues against a
superposition. However, the probability would increase were CXOJ1426+35 a member of a
cluster (e.g. Dotti & Ruszkowski, 2010). Using the cluster surface density at the high end of
the surface density distribution in Dressler et al. (1997), we find that the probability increases
by a factor of ∼ 15, implying that even in a cluster this scenario is highly improbable.
4.4.2

Jet/Cloud Interaction
Radio jets produced by the central active SMBH are capable of introducing a variety

of kinematics into the NLR. Well-collimated jets can produce asymmetric and/or blueshifted
narrow emission line profiles, and indeed jet/cloud interactions in the inner NLR have been
used to explain the [OIII] blueshifts seen in some compact radio sources (Holt et al., 2003,
2008; Fu & Stockton, 2009). If the redshifted jet is not obscured, this scenario can explain
the double-peaked narrow emission lines of CXOJ1426+35, and this was shown to be the
case for a previous dual AGN candidate (Rosario et al., 2010). Nevertheless, some questions
remain as to the capability of radio plasma to entrain the bulk of the NLR so that the
velocity-shifted lines dominate in the emergent spectrum, rather than introduce instabilities
that fragment the clouds. For example, Xu & Komossa (2009) discuss for another dual AGN
candidate the scenario in which only a single cloud interacts locally with each side of the
jet, but find that the [OIII]5007 line luminosity is not consistent with just two clouds, and
we arrive at the same conclusion for CXOJ1426+35 given its high [OIII]5007 luminosity.
However, an even tighter constraint on the possibility of a jet/cloud interaction in
CXOJ1426+35 is derived from the radio power corresponding to the radio detection limit
(Section 5.7). The sample of radio sources in Holt et al. (2008) would have all been welldetected. Though these are only 14 sources and do not represent all radio galaxies, they
are useful for comparison as they show blueshifted [OIII]5007 lines, presumably a result of
local jet/cloud interactions in the inner NLR. If jet/cloud interactions are responsible for
producing the double-peaked narrow emission lines, then CXOJ1426+35 is likely to be a
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strong radio source, similar to the radio sources in Holt et al. (2008), and would therefore
have also been detected. However, the lack of a detection makes the presence of (at least
strong) jet/cloud interactions highly unlikely.
4.4.3

Rotating Accretion Disk
A rotating disk with a line emitting surface is capable of producing double-peaked

emission. The relative positions of the peaks and the shape of the lines are dependent on
geometrical factors which can enhance the effect, such as the orientation of the disk plane
relative to the observer’s line of sight, and the disk outer radius. Since this disk model has
been successfully applied to accretion disks around SMBHs, providing a possible explanation
for the asymmetric (non-Gaussian), broad and often double-peaked Balmer emission lines
of some AGN and quasars, including some candidate binary SMBHs (see Section 5.2), we
consider this scenario for CXOJ1426+35 but find that it is unlikely: the 2-D spectroscopy
reveals that the line peaks are at a projected separation of ∼ 5.5 kpc. This is much larger than
the sub-pc sizes of such disks based on SMBH masses and Hα line profiles (Chen & Halpern,
1989) and makes the single accretion disk interpretation of CXOJ1426+35 unphysical.
4.4.4

Unusual NLR Geometry
One may imagine a disk-shaped NLR which can, in principle, produce the double-

peaked lines in a way analogous to the rotating disk in Section 4.4.3. One advantage of this
scenario is that NLRs are much larger than accretion disks and could explain the observed
separation. While a size of 5.5 kpc is large for a typical Seyfert galaxy (Schmitt & Kinney,
1996), luminous quasars have been observed with NLRs of up to 10 kpc (Bennert et al.,
2002). The total [OIII]5007 luminosity of CXOJ1426+35 is nearly an order of magnitude
larger than that of the brightest quasar in the sample of Bennert et al. (2002), suggesting
that the NLR of CXOJ1426+35 may plausibly extend to the observed separation of 5.5 kpc.
However, an additional and important consideration involves line ratios and line
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strengths: in this scenario both line systems should have similar line ratios and line strengths
since the ionizing continuum incident on the gas and gas densities would be the same since
they would be part of the same NLR. This scenario was found to be plausible for a subset
of SDSS double-peaked AGN with even [OIII] flux ratios in Smith et al. (2011). However,
from Table 4.2, it is clear that the line ratios and line strengths, particularly for CIV1549
and [OIII]5007, are not similar. Unless one side of the NLR suffers more extinction than the
other, and there is no reason to expect this, the different line strengths are inconsistent with
both line systems originating from the same NLR.
4.4.5

Accretion Disk Outflows
Winds moving in opposite directions and ionized by a central continuum source can,

in theory, produce the double-peaked profile of the narrow emission lines (see the discussions
in Xu & Komossa 2009 and Fischer et al. 2011). Mechanisms for producing such an outflow
include radiation pressure acting on gas and dust (Everett, 2007) or a hot wind that entrains
the NLR clouds (Everett & Murray, 2007). A potential problem with this scenario is the
difficulty of the winds extending to typical NLR scales in order to affect the whole NLR.
However, a SMBH accreting at a relatively high Eddington ratio (fEdd = LBOL /LEdd ) may
be capable of producing a wind strong enough to extend to kpc scales. In general, luminous,
Type 1 unobscured quasars at z > 0.5 may have typical Eddington ratios of fEdd ≈ 0.25
(Kollmeier et al., 2006), though recent work by Kelly et al. (2010) suggests that fEdd peaks
near 0.05, or alternatively AGN might instead accrete close to Eddington in a ‘buried’ phase
as described in King (2010). In the sample of nine narrow line Seyfert 1 galaxies (NLS1s)
with [OIII] offsets in Komossa et al. (2008a) the Eddington ratios are high (fEdd = 0.5 − 1.5,
with the average value fEdd = 0.9), and the authors remark that these high Eddington ratios
may capable of producing the strong outflows needed to explain the observed velocity shifts.
In principle, a very rough estimate of the Eddington ratio can be made using the bolometric
luminosity estimated in Section 4.3.1.1 and estimating a SMBH mass assuming all of the
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Figure 4.9: Plot of emission line velocity-splittings for the ‘blue’ and ‘red’ systems relative
to z = 1.1751 (i.e. the systemic velocity as measured from the H9 absorption line in Section
4.3.2.1), where positive velocities indicate a blueshift. The plotted data points correspond
to emission lines for which the positions were allowed to vary during the fit. Some of the line
labels have been shifted for clarity. The straight lines are the linear least squares best fits.
The quoted probabilities for each system are the two-sided significances, based a Spearman
rank correlation, of the deviation from the null hypothesis that there is no evolution of
∆V with I.P. In both systems, the probabilities provide no indication of a correlation. The
apparent blueshift of CIII]1909 in each system may be the result of an increase in the
I(λ1907)/I(λ1909) ratio (see Section 5.8.1).
stellar mass (calculated in Section 4.3.3) is within the bulge and using the MBH ∼ MBulge
relation (Häring & Rix, 2004). However, the resulting mass of 1.2 × 107 M% , and the relation
LEdd = 1.3 × 1038 MBH /M% imply that the bolometric luminosity is ∼ 50 times that of
the Eddington limit. This result seems unphysical, possibly because this galaxy is still in
the process of forming and the MBH ∼ MBulge relation has yet to be established in this
system. However, a different test of the outflow scenario uses the optical/UV emission lines
as diagnostic indicators of the ionization parameters and kinematics of the ‘blue’ and ‘red’
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systems. We perform two calculations based upon the emission line parameters that provide
clues as to the origin of the double-peaked lines.
Ionizing Continuum: We can use the ionizing continuum to estimate the maximum
distance at which the emission line regions can be so ionized to determine if the outflow
scenario is plausible. The ionizing continuum is described by Q[H 0 ], which we have estimated
from the total Hβ luminosity of both the ‘blue’ and ‘red’ sources via the relation LHβ =
ef f
hνHβ (αHβ
/αB )(Ω/4π)Q[H 0 ]. The expected distance can then be found from the relation

U = Q[H 0 ]/(4πr2 cnH ) where U is the ionization parameter estimated as a function of gas
density from the [OII]3727/[OIII]5007 ratios (Komossa et al., 2006). The calculated distances
are highly dependent on the global covering factor, Ω, of the winds as viewed from the central
source. Therefore, we adopt a lower limit of Ω = 1.6 (Blustin & Fabian, 2009) for each
source, which corresponds to an upper limit on the distances. Assuming a pure Hydrogen
nebula and complete ionization (nH = ne ), we estimate the distances for a typical range of
NLR electron densities (ne = 102 − 104 cm−3 ), where 104 cm−3 is an upper limit based on
the critical density for de-excitation of [OII]3727, which is well-detected in the spectrum of
CXOJ1426+35. Given the range in electron densities, we find maximum distances of 2 − 5
kpc and 2 − 6 kpc for which the ‘blue’ and ‘red’ systems, respectively, can be so ionized.
While these distances are consistent with the projected separation of 5.5 kpc, making the
outflow scenario plausible on these grounds, it should be noted that these estimates are
intended as upper limits, and that the projected separation is a lower limit on the actual
physical separation. Therefore, these calculations merely show that within the uncertainties
of the geometry of the system, two clouds with the observed [OII]3727/[OIII]5007 line ratios
and Hβ luminosities could be ionized by a single source. The limits of this argument are
apparent when one considers the significantly different line ratios and line strengths between
the two systems as noted in Section 4.4.4. In particular, the significantly different CIV1549
and [OIII]5007 strengths are not expected if the outflowing clouds are at the same distance
from the AGN and have similar compositions. However, in principle, a clumpy obscuring
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geometry could account for this observation.
Ionization Stratification: The outflow scenario should produce a positive correlation
between velocity offset, ∆V , and ionization potential, I.P., otherwise known as an ‘ionization
stratification.’ This is because the high ionization lines will originate closer to the central
source where the flux is large enough to produce such lines, whereas low-ionization lines will
originate further out where they are less affected by the outflow. Such a line stratification
is evident in the sample of NLS1s with blueshifted [OIII]5007 lines from Komossa et al.
(2008a). We investigate ∆V vs I.P. for CXOJ1426+35 using the emission lines for which the
central wavelength was allowed to vary during the fitting procedure. From a Spearman rank
correlation test, we find probabilities for a correlation between ∆V and I.P. of 55% and 60%
for the ‘blue’ and ‘red’ systems, respectively. These probabilities indicate that a significant
correlation is not apparent given the available line measurements. In Figure 4.9 we plot ∆V
vs I.P. for each system along with the linear least squares best fit. In both systems, the
velocities are all consistent within their errors, with the exception of CIII]1909. Since the
CIII]1909 apparent blueshift appears in both systems it may be related to the anomalous
CIII]1909 blueshift seen in some quasars as a result of the increased intensity of the λ1907
transistion relative to λ1909 (∼ 300 km s−1 offset) at low densities (Ferland, 1981). While
there is no apparent correlation, it should be noted that in the Komossa et al. (2008a) sample,
two galaxies have the [FeX] line from the coronal line region (I.P.= 235 eV), significantly
higher than the highest I.P. line observed for CXOJ1426+35 ([NeV], I.P.= 97 eV). For the
four NLS1s in that sample that do not include the [FeX] line, the trends are comparable to
that of CXOJ1426+35. This indicates there is a possibility that a line stratification might
become apparent with a wider range of I.P.s.
4.4.6

Galaxy Merger and Dual SMBHs
A system of two SMBHs within the host galaxy, with at least one of them active,

would naturally explain the two emission line systems as each SMBH would provide its own
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NLR. Since such a system would arise from a galaxy merger, one may speculate that it is
more likely to be found in a disturbed system. Indeed, the morphology of CXOJ1426+35,
particularly the “lumpy” structure evident in the NIRSPEC image in Figure 4.5, suggests a
possible disturbance of some kind. This possibility seems even more likely when one considers
that, at z = 1.175, galaxy mergers were more frequent than in the local universe (Bridge
et al., 2010). We also speculate that the X-ray spectrum (which implies a high level of
dust extinction) is indicative of a galaxy that has recently undergone a merger. Therefore,
the interpretation of CXOJ1426+35 hosting two SMBHs is quite plausible and worthy of
consideration. We consider two possibilities involving a galaxy merger and formation of a
dual SMBH system.
One AGN Illuminating Two NLRs: This scenario was also suggested for a candidate
dual SMBH in Xu & Komossa (2009). It is possible that after the merger, only one of the
SMBHs would be active but both would have their own NLR. The active AGN may therefore
be able to ionize both NLRs which would have a velocity difference imparted to them by the
merger. For the NLR around the inactive SMBH, assuming it is completely ionized by the
active SMBH and with ne = 102 cm−3 , we estimate a free-fall timescale of ∼ 5 × 106 years.
This is a relatively short time, and it is unlikely that we would see the system during this window. However, a more rigorous test for this scenario uses the expectation that the ionization
parameter and Hydrogen number densities should be consistent with one NLR being further
from the ionizing source than the other. In Section 5.8.1, we estimated a range of distances
based on the ionization parameters (estimated from the [OII]3727/[OIII]5007 ratio) and a
typical range of electron densities (ne = 102 −104 cm−3 ). It is theoretically possible to obtain
an independent estimate for the electron densities from the flux ratios of emission lines produced by different transitions within the same ion, particularly [OIII](jλ4959 + jλ5007 )/jλ4363
and assuming a temperature of the gas (Osterbrock & Ferland, 2006). However, while the
measured [OIII] ratios are well-within the typical values for AGN NLRs, we note that ne is
strongly dependent on the NLR temperature, and photoionization models imply NLRs may
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have multiple zones with different temperatures and densities (Krolik, 1999). Therefore, we
have chosen to simply use the typical range of densities in our estimates. Given the range of
distances for each system, the possible ratios between the distance of the ‘blue’ component
to that of the ‘red’ component range from 1:3 to 2.5:1. In no case does the ratio of distances
imply one source is significantly further than the other, providing no strong evidence for just
one source being associated with an AGN.
Two AGNs: It is generally agreed that galaxy mergers, through tidal interactions,
are effective at enhancing SMBH activity by funneling gas and dust toward the central
region of the new distribution of mass (Hernquist, 1989; Springel et al., 2005). Therefore,
if CXOJ1426+35 did experience a wet merger, then the merger would have increased the
probability for the two SMBHs to be active as gas would be forced toward the potential well
of each SMBH. On these grounds a dual AGN scenario is highly plausible and would naturally
explain the two emission line systems. A potential piece of evidence against this hypothesis
is the NIRC2-AO image which reveals only one source at rest-frame 1µm as opposed to
the two nuclei expected in the dual AGN scenario. However, there are several properties
of CXOJ1426+35 which point to a high level of internal extinction capable of obscuring an
AGN continuum at rest-frame 1µm. In particular, the high X-ray HR implies there is at
least one AGN suffering significant absorption, e.g. nH = 6 × 1023 cm−2 (Section 4.3.1.1) and
modeling of the SED (Figure 4.8) reveals that an AGN with comparable absorption would be
virtually invisible at rest-frame 1µm (Section 4.3.3). This AGN would dominate in the X-ray
and IRAC bands, while a second, less obscured AGN would be associated with the source
seen at 1µm. We note that another candidate dual AGN (Comerford et al., 2011) also shows
only a single component in AO imaging, but which may host two heavily obscured (Compton
thick) AGN as revealed from Chandra data. As discussed in Section 5.2, several confirmed
dual AGN (Guainazzi et al., 2005; Bianchi et al., 2008; Piconcelli et al., 2010; Koss et al.,
2011) provide examples of this scenario, showing only one visible nucleus, with the other
heavily obscured and identifiable only through X-ray observations. Given the prevalence of
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heavy obscuration in other candidate and confirmed dual AGN, the lack of detection of two
cores would not be surprising if CXOJ1426+35 in fact hosted a dual AGN.
4.4.7

Multiple Scenarios
Finally, we note that more than one of these physical mechanisms may be present.

In particular, we note the possible coexistence of a galaxy merger and AGN outflows. This
follows from the morphology of CXOJ1426+35, which suggests a possible merger, and from
the notion that galaxy mergers are potential instigators of enhanced SMBH activity. If
the merger has resulted in an AGN with a relatively high Eddington ratio (e.g., > 0.25
and perhaps close to the Eddington limit), the accretion disk radiation pressure may be
capable of producing the double-peaked narrow lines as discussed in Section 5.8.1. While an
ionization stratification is not apparent given the current data, we could not rule one out for
either system. This scenario is consistent with both the morphological suggestion of a recent
merger while allowing for the existence of strong outflows driven by the radiation pressure
of AGN accretion disks.
4.4.8

Summary
We have discussed six separate physical mechanisms that are each capable of produc-

ing double-peaked emission lines, and we have discussed the likelihood of each scenario based
on the available data. We find that a superposition, even within a galaxy cluster, is highly
unlikely given the small physical and velocity separation, and that the rotating accretion disk
scenario is highly unlikely given the several kiloparsec separation. We find that a jet/cloud
interaction is also highly unlikely simply because it is not a strong radio source. The scenario
of a NLR with an disk-shaped component can naturally explain the double-peaks, but the
disagreement between the line ratios and line strengths of both systems is not expected in
that scenario. We find that the biconical outflow from an accretion disk can not be ruled
out, and that the primary limitation is the power of the accretion disk. A recent galactic
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merger would potentially make the biconical outflow a more likely explanation, although
there is no clear line stratification. In the case of a single AGN, the SED modeling implies
there might also be a very young stellar population present which accounts for the UV excess. A merger would also increase the possibility of a single AGN illuminating the NLR of
each galaxy, though this scenario may not be likely given the short free-fall timescale and
the similar distances of each cloud based on a single ionizing source. A more likely scenario
is that there are actually two AGN present. The lack of two nuclei in the NIR AO image
provides possible evidence against a second AGN, but this may be naturally explained by
the high obscuration, inferred from both the X-ray data and the SED modeling, which would
obscure the continuum radiation. This scenario is also consistent with the several kiloparsec
separation of the AGN components, since many of the dual AGNs already identified have
comparable separations, and it is consistent with the AGN-like line ratios.
4.5

Tests for Dual and Binary SMBHs
Based upon limited data, determining the true nature of many candidate dual and

binary SMBH systems has proven to be difficult given the attractiveness of alternative explanations. Among the current handful of candidates there is a variety of data and interpretations, many of which have been tested and often with ambiguous results. Here we use
CXOJ1426+35, in comparison with other candidates, to review how these candidates can be
tested.
4.5.1

One-Dimensional Spectroscopy
Given the availability of spectroscopic databases that include large samples of AGN

and quasars, emission line diagnostics are commonly used to select the most promising
double-peaked emission line candidates for follow-up observations. From one-dimensional
spectra alone (i.e. SDSS fiber spectra), much can be done to address the likelihood of a
dual/binary AGN. Emission line ratios can provide information about the source of the
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ionizing continuum radiation (Baldwin et al., 1981; Kauffmann et al., 2003), and careful
examination of spectra may also reveal asymmetries, velocity-offsets, or multiple components,
thereby providing valuable information about the kinematics of the NLR gas. We have
performed these analyses for CXOJ1426+35 in the above discussion, and they have been
done for all of the other candidate dual/binary SMBHs yet identified, providing valuable
information and resulting in a variety of interpretations. For example, in J0927+2943, close
examination of the optical spectra (which features two prominent emission line systems, one
with just narrow lines and the other with broad and narrow lines) has allowed for multiple
models to be put forth, including a recoiling SMBH (Komossa et al., 2008b), a binary SMBH
(Bogdanović et al., 2009b; Dotti et al., 2009), a superposition (Shields et al., 2009a) and a
large and small galaxy interacting near the center of a rich cluster (Heckman et al., 2009).
As another example, in J1316+1753 Xu & Komossa (2009) identified two NLRs and at an
intermediate redshift there is a broad component to each emission line, which the authors
discuss may be evidence of a starburst-driven outflow that was triggered by a merger.
We also note that spectroscopic observations over multiple epochs could potentially
reveal any orbital motion in a close binary SMBH system. Though CXOJ1426+35 does not
fall into this class as the implied separation is much too large, candidate close binary SMBHs
could be identified in this manner. This test has been performed for both J0927+2943 (Vivek
et al., 2009) and J1536+0441 (Chornock et al., 2010) which were identified as candidate subparsec binaries with separations of ∼ 0.34 pc (Dotti et al., 2009) and ∼ 0.1 pc (Boroson
& Lauer, 2009), respectively. In both cases, the acceleration is found to be zero within
the errors. However, it has been pointed out that such candidates would be preferentially
identified when their radial accelerations are smallest (Bogdanović et al., 2009a).
4.5.2

Two-Dimensional Spectroscopy
By providing information about the spatial separation of the two emission line com-

ponents, two-dimensional spectroscopy has proven to be highly effective at identifying the

86

most promising dual AGN candidates from the much larger sample of double-peaked narrow
emission line sources. In this way, CXOJ1426+35 has been shown to be a strong dual AGN
candidate based on the two emission line components spatially separated and with a velocity
difference of several hundred km s−1 . At lower redshifts, there are many other similar candidates for which two-dimensional spectroscopy reveals two clearly separated components
(e.g. Comerford et al., 2009b,a). Two-dimensional spectroscopy ruled out the close binary
hypothesis for J0927+2943, but showed that it may still be a system of two merging galaxies
(Vivek et al., 2009). A large sample of double-peaked AGN with follow-up two-dimensional
spectroscopy will increase the number of candidate dual AGN (Comerford et al., in prep).
However, as made evident in our analysis of CXOJ1426+35, two-dimensional spectroscopy
alone can not confirm a dual AGN.
4.5.3

Morphology
Morphology can provide powerful evidence for or against the dual AGN hypothe-

sis. A number of objects which show double-peaked emission lines have been imaged in
optical and near-IR bands, where the results have shown morphological evidence of interactions/mergers such as tidal tails and multiple nuclei (Junkkarinen et al., 2001; Comerford
et al., 2009a; Green et al., 2010; Liu et al., 2010a). From HST imaging, the galaxy COSMOS
J100043.15+020637.2 has been established as hosting either a dual (Comerford et al., 2009b)
or a recoiling SMBH (Civano et al., 2010). In the case of EGSD2 J142033.66+525917.5
(Gerke et al., 2007), an HST ACS image shows morphological evidence of a possible interaction, but no clear evidence for multiple nuclei. Rosario et al. (2011) and Shen et al.
(2011) have obtained NIR imaging of several [OIII] double-peaked AGN where the results
have shown a variety of possible origins of the double-peaked narrow emission lines, including
some sources with morphological evidence suggesting the most likely interpretation is a dual
AGN. Fu et al. (2010) present images for a sample of several such candidates which reveal
multiple nuclei in some cases, though they caution that spatially resolved spectroscopy is
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required to confirm any case as a true dual AGN. In McGurk et al. (2011) integral field
spectroscopy was able to confirm a dual AGN. That source was confirmed in the same way
in Fu et al. (2011), though their sample revealed that, out of 42 sources, in all but two the
double-peaked lines were produced by gas kinematics. These studies have highlighted the
usefulness of integral field spectroscopy in eliminating the ambiguities left by double-peaked
emission lines and even high-resolution imaging. In the case of CXOJ1426+35, NIR AO
imaging revealed only a single nucleus at a rest-frame effective wavelength of 1µm, providing possible evidence against the dual AGN scenario. As with other dual AGN candidates,
integral field spectroscopy will be useful for CXOJ1426+35.
In the case of heavy nuclear obscuration, however, detection of double point sources
in X-ray images of close ULIRGS has been effective at identifying dual AGN, e.g., NGC
6240 (Komossa et al., 2003), ESO509-IG066 (Guainazzi et al., 2005), 3C 75 (Hudson et al.,
2006), Mrk 436 (Bianchi et al., 2008), and IRAS 20210+1121 (Piconcelli et al., 2010). The
advantage of this method of detection is that hard X-rays are much less attenuated by
intervening material in the galaxy, and recent mergers are known to have high column
densities in the nuclear regions. This might be the case for CXOJ1426+35, as dust may
have a strong role in hiding an AGN near 1µm, whereas two AGN would be revealed from
hard X-rays. Though CXOJ1426+35 is unresolved in our image, this is due to the off-axis
detection and the resolution of the ACIS detector. With the HRC, the two X-ray components
could potentially be resolved in CXOJ1426+35.
4.6

Conclusions
We have analyzed all available data, new and archival, of the source CXOJ1426+35

which has an intriguing spectrum showing double-peaked optical/UV emission lines. The two
emission line components, separated spatially by 0.69” (5.5 kpc) and in velocity-space by 690
km s−1 , make CXOJ1426+35 similar to other candidate dual AGN, though it is unique in that
it is the highest-redshift candidate dual AGN yet identified. The optical/NIR imaging shows
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an elongated and “lumpy” morphological structure suggestive of a disturbance, whereas the
AO image shows only a single source. We have discussed several interpretations of the
physical nature of CXOJ1426+35, including a chance superposition, a jet/cloud interaction,
line emission from a rotating accretion disk, an unusual NLR geometry, a strong biconical
outflow from an accretion disk, a dual SMBH and a combination of these scenarios. We find
that the only plausible scenarios are a strong outflow, a dual SMBH system, or a combination
thereof. If CXOJ1426+35 recently underwent a merger, an increased Eddington ratio may
have resulted, making the disk outflow scenario a possible explanation. Alternatively, a
merger may have resulted in the actual case of a dual AGN, or, less likely, a single AGN
illuminating the NLRs of both SMBHs. Regardless, CXOJ1426+35 is most likely a merger
remnant.
Finally, we compared CXOJ1426+35 to other candidates with the aim of reviewing
methods of testing the dual AGN hypothesis. Analysis of single-epoch 1D and 2D spectra
provides crucial information about the ionizing continuum and the velocity and spatial separation of the two emission line components, but high-resolution imaging and multi-epoch
spectra have proven most effective at confirming or rejecting the dual/binary SMBH hypothesis. CXOJ1426+35 represents an interesting example of a dual AGN candidate, with
many properties similar to other candidates in the literature, but also with several unique
characteristics. In particular, CXOJ1426+35 is the highest redshift dual AGN candidate
to-date, at a redshift of z = 1.175 when galaxy mergers were more frequent, making the dual
AGN hypothesis especially appealing. This makes it a fascinating addition and will help in
developing a better understanding of how to look for the potential signatures of dual/binary
SMBHs and of the often complex emission line regions of AGN.
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Chapter 5
5

Identification of Outflows and Candidate Dual Active Galactic Nuclei in

Identification
SDSS QuasarsofatOutflows
z = 0.8 − and
1.6 Candidate Dual Active Galactic Nuclei in SDSS
Quasars at z = 0.8 − 1.6

5.1

Abstract
We present a sample of 131 quasars from the Sloan Digital Sky Survey at redshifts

0.8 < z < 1.6 with double peaks in either of the high-ionization narrow emission lines
[Ne V]λ3426 or [Ne III]λ3869. These sources were selected with the intention of identifying high-redshift analogs of the z < 0.8 active galactic nuclei (AGN) with double-peaked
[O III]λ5007 lines, which might represent AGN outflows or dual AGN. Lines of high-ionization
potential are believed to originate in the inner, highly photoionized portion of the narrow line
region (NLR), and we exploit this assumption to investigate the possible kinematic origins of
the double-peaked lines. For comparison, we measure the [Ne V]λ3426 and [Ne III]λ3869 double peaks in low-redshift (z < 0.8) [O III]-selected sources. We find that [Ne V]λ3426 and
[Ne III]λ3869 show a correlation between line-splitting and line-width similar to that of
[O III]λ5007 in other studies; and the velocity-splittings are correlated with the quasar
Eddington ratio. These results suggest an outflow origin for at least a subset of the doublepeaks, allowing us to study the high-ionization gas kinematics around quasars. However,
we find that a non-neligible fraction of our sample show no evidence for an ionization stratification. For these sources, the outflow scenario is less compelling, leaving the dual AGN
scenario as a viable possibility. Finally, we find that our sample shows an anti-correlation
between the velocity-offset ratio and luminosity ratio of the components, which is a potential
dynamical argument for the presence of dual AGN. Therefore, this study serves as a first
attempt at extending the selection of candidate dual AGN to higher redshifts.
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5.2

Introduction
Mergers of gas-rich galaxies are likely to play a key role in the growth of supermas-

sive black holes (SMBHs) through accretion, particularly in the triggering of quasar phases
(Sanders et al., 1988; Treister et al., 2010). Quasars may also represent an important phase
in the evolution of galaxies due to radiative feedback (Silk & Rees, 1998; Kauffmann &
Haehnelt, 2000). This sequence of events is a potential scenario linking the evolution of
galaxies and the growth of SMBHs (Di Matteo et al., 2005; Hopkins et al., 2005). Interestingly, both the merger and quasar phases can manifest themselves as active galactic nuclei
(AGN) with double-peaked narrow emission lines in their spectra. Specifically, during a
galaxy merger, when the SMBHs are separated by ∼1 kpc and are actively accreting as a
dual AGN (Comerford et al., 2009b) they will each produce Doppler-shifted emission from
their narrow line regions (NLRs), resulting in a double-peaked profile in the integrated spectrum. In the feedback scenario, radiation from a single quasar can drive bi-conical outflows
of the NLR (Arribas et al., 1996; Veilleux et al., 2001; Crenshaw et al., 2010), producing
similar emission line profiles (Zheng et al., 1990; Fischer et al., 2011).
AGN whose spectra exhibit double-peaked narrow emission lines (i.e. they are best
fit by two components) represent a sub-class of the AGN population. Extended, offset
and double-peaked line profiles have been observed in the narrow emission lines of AGN
since the earliest studies of AGN NLRs (Heckman et al., 1981). These complex narrow
line profiles are observed in both Type 1 and Type 2 AGN (Crenshaw et al., 2010b), and
they are generally most pronounced in forbidden transition lines of high ionization potentials
(I.P.s). In particular, such observations have often focused on the 5007Å transition line of
[O III] (I.P. = 35.15 eV) since it is a relatively intense emission line produced by the ionizing
continuum of AGN and is accessible in optical spectra (see Veilleux 1991 and Whittle 1992
for examples). However, there is even variation among the high-ionization lines, with those of
the highest ionization potentials, such as [Ne III] (I.P. = 41.07 eV), and [Ne V] (I.P. = 97.16
eV), displaying the largest velocity offsets (De Robertis & Osterbrock, 1984; Sturm et al.,
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2002; Spoon & Holt, 2009).
In the dual AGN scenario, the two emission line peaks are produced by the orbital
motion of two AGN within a single merger remnant galaxy. This interpretation is intriguing
since SMBHs reside in the bulges of galaxies, and dual SMBHs (kpc-scale separations) are
a stage of galaxy mergers before the SMBHs coalesce. The existence of dual AGN has
been confirmed observationally in several serendipitous cases, most notably in ultra-luminous
infrared galaxies as pairs of X-ray point sources (Komossa et al., 2003; Guainazzi et al., 2005;
Hudson et al., 2006; Bianchi et al., 2008; Piconcelli et al., 2010; Koss et al., 2011; Mazzarella
et al., 2012). Systematic searches for dual AGN in large spectroscopic databases, such as
the Sloan Digital Sky Survey (SDSS; Abazajian et al., 2009) and DEEP2 (Newman et al.,
2012) have involved identifying AGN with double emission line systems (Comerford et al.,
2009b; Wang et al., 2009; Liu et al., 2010; Smith et al., 2010; Ge et al., 2012). Promising
results are being obtained through follow-up observations in the form of high-resolution
optical imaging (Comerford et al., 2009a), near-infrared (NIR) adaptive optics imaging (Liu
et al., 2010a; Fu et al., 2011a; Rosario et al., 2011; Shen et al., 2011a; Barrows et al., 2012),
spatially resolved spectroscopy (McGurk et al., 2011; Fu et al., 2012), hard X-ray observations
(Comerford et al., 2011; Civano et al., 2012; Liu et al., 2012a), radio observations (Fu et al.,
2011b), and diagnostics deduced statistically from longslit spectroscopy (Comerford et al.,
2012). A sample of dual AGN will be useful in studying the connection between galaxy
interactions/mergers and AGN activity (Green et al., 2010; Liu et al., 2011, 2012b), and for
refining the galaxy merger rate (Conselice et al., 2003; Berrier et al., 2006; Lotz et al., 2011;
Berrier & Cooke, 2012).
In the outflow scenario, offset or double-peaked narrow emission lines are often attributed to radially flowing NLR gas driven by energy from the AGN. Furthermore, this
effect is also thought to produce a stratification of the NLR since the incident ionizing flux
and electron density should diminish with increasing distance from the nuclear source. This
will result in the production of different lines in varying proportions as a function of ra-
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dius from the AGN (Veilleux, 1991). Observationally, luminous quasars are known to have
extended NLRs driven by energy from the AGN coupled to the interstellar medium gas (Bennert et al., 2002), and powerful radio galaxies often show complex, spatially extended NLRs
with multiple components aligned along the radio axis. Models for this alignment include
reflection of the AGN emission (Tadhunter et al., 1988) or material entrained in a radio jet
(Holt et al., 2003, 2008; Komossa et al., 2008). In AGN with sufficiently high Eddington
ratios, radiation pressure acting on gas and dust (Everett, 2007) or a hot wind that entrains
the NLR clouds (Everett & Murray, 2007) are possible mechanisms capable of driving the
line splitting. Whichever mechanism is the dominant driver of outflows in an individual
source, they may represent cases of AGN feedback, which might be important in quenching
star formation in galaxies following a merger and in establishing the observed correlations
between SMBH masses and host galaxy properties (Ferrarese & Merritt, 2000; Marconi &
Hunt, 2003).
Whether AGN with double-peaked emission lines represent dual AGN or powerful
AGN outflows, they have proven useful for investigating several aspects of AGN evolution,
including AGN triggering and feedback. Systematic searches for double-peaked AGN have
primarily utilized the [O III]λ5007 emission line and have therefore been limited to below
redshifts of z ≈ 0.80 since [O III]λ5007 is not accessible in optical spectra at higher redshifts.
However, there is evidence that at high redshifts galaxy mergers were more prevalent, and
AGN outflows might have played an important role in the evolution of galaxies at z ≥ 1,
including massive radio galaxies (Nesvadba et al., 2008). Furthermore, there is significant
controversy over the role that galaxy mergers play in AGN activity and SMBH growth at
high redshifts (Cisternas et al., 2011; Treister et al., 2012; Kocevski et al., 2012). Therefore,
a sample of high redshift double-peaked narrow line AGN will be important for investigating
these questions. So far only one such candidate dual AGN has been identified above z ∼ 0.8
as a serendipitous discovery at z = 1.175 through double-peaked UV and optical emission
lines, particularly evident in [Ne V]λ3426 and [Ne III]λ3869 (Barrows et al., 2012). Motivated
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by this discovery, we have conducted a systematic search for additional AGN at high redshift
(z > 0.8) with double-peaked [Ne V]λ3426 and [Ne III]λ3869 emission lines. These emission
lines have relatively high ionization potentials and trace the gas photoionized by the AGN
continuum. Furthermore, they are likely to originate in the inner (more highly ionized)
portion of the NLR, allowing for the identification of AGN driven outflows at 0.8 < z < 1.6.
This study will also serve as a first attempt at extending the identification of candidate dual
AGN to higher redshifts.
In Section 5.3 we describe our parent sample and how we selected our final sample and
low-redshift comparison sample. In Section 5.4 we describe the systemic redshifts we will use
throughout the paper. In Section 5.5 we describe the general properties of our sample and
our estimates of selection completeness. In Section 5.6 we investigate several correlations
among the emission line properties that aid in illuminating the origin of the double-peaked
line profiles. In Section 5.7 we describe the radio properties of our sample and compare
them to our parent sample. In Section 5.8 we discuss the most likely physical mechanisms
driving the line-splitting, particularly focusing on the scenarios of AGN outflows and dual
AGN. In Section 5.9 we summarize our main conclusions. Throughout the paper we adopt
the cosmological parameters ΩΛ = 0.728, Ωb = 0.0455, Ωm h2 = 0.1347, and H0 = 70.4
km s?1 Mpc?1 . This corresponds to the maximum likelihood cosmology from the combined
WMAP+BAO+H0 results from the WMAP 7 data release of Komatsu et al. (2011).
5.3
5.3.1

Generating the Sample
Parent Sample
Our parent sample consists of archival spectra drawn from the quasar catalog of the

SDSS Data Release 7 (DR7) which is described in detail in Schneider et al. (2010). The typical resolution of the SDSS spectra is λ/∆λ ∼2000. In short, inclusion in the catalog requires
luminosities brighter than Mi = −22.0, at least one emission line with FWHM > 1000 km
s−1 or complex absorption features, apparent magnitudes fainter than i ≈ 15.0, and have
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highly reliable redshifts (see Section 5.4 for a discussion of the redshifts). We restricted the
lower redshift limit of the sample to z ≥ 0.80 to only include sources not in the parent
samples of [O III]-selected double-peaked emitters from the SDSS (Wang et al., 2009; Liu
et al., 2010; Smith et al., 2010; Ge et al., 2012) since our intention is to select sources which
are not identifiable by their methods. Additionally, we required that at least [Ne V]λ3426 be
accessible in the SDSS wavelength range (3800 − 9200 Å), which imposes an upper limit of
z ∼ 1.7. We did not make any selection cuts based on the signal-to-noise ratios (S/N). This
resulted in a parent sample of 39,876 sources.

5.3.2

Initial Selection
Our initial selection involved visually identifying quasars from the parent sample (Sec-

tion 5.3.1) with detectable double emission line peaks in [Ne V]λ3426 and/or [Ne III]λ3869.
These two lines were used since they are accessible in the SDSS optical wavelength range at
z > 0.80, are relatively strong narrow lines in quasar spectra, and are not severely blended
with any other strong lines. We did not require that two explicit peaks be detectable in
both of those emission lines for two reasons: 1) the ionizing continuum may be such that
[Ne V]λ3426 is too weak to be detected whereas [Ne III]λ3869 is detectable; and 2) a difference in line ratios and/or velocity-splittings between the two lines may result in one pair
being more blended than the other. Therefore, since the purpose of this analysis is to investigate the origin of the double-peaked emission lines, we did not want to exclude those
sources which show variations among the line properties. While [O II]λ3727 is another strong
emission line accessible in most of our parent sample, we did not select sources based on this
line since [O II]λ3727 is a doublet (λ3726, 3729 Å) with ∼200 km s−1 separation between
the transition wavelengths and is difficult to discern from true peaks, particularly with the
limited spectral resolution of the SDSS (see Smith et al. 2010 for a similar discussion). In
sources where the double peak detections are ambiguous in each line, corresponding peaks in
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both [Ne V]λ3426 and [Ne III]λ3869 are needed for confirmation. Out of the parent sample,
our visual selection process resulted in 181 preliminary sources.

5.3.3

Modeling the Spectra and Selection of the Final Sample
To generate the final sample to be used in our subsequent analyses, we modeled each

spectrum yielded by the initial selection stage (Section 5.3.2) in order to determine if a twoGaussian model significantly improves the line profile fit over a single-Gaussian model. This
modeling proceeded in two stages: 1) continuum modeling, and 2) emission line modeling.
5.3.3.1

Continuum Modeling

The continuum was modeled by masking all detectable emission lines and simultaneously fitting a power-law function (Fλ ∼ λ−αλ ) for the underlying AGN contiuum radiation
plus a pseudo-continuum of broadened Fe II emission lines from the empirical templates of
Tsuzuki et al. (2006) (λobs < 3500 Å) and Véron-Cetty et al. (2004) (λobs > 3500 Å) which
were developed from the spectrum of the narrow-line Seyfert 1 galaxy I Zw 1. Due to the
use of two separate Fe II templates, the powerlaw function was allowed to have a break at
3500 Å, and the Fe II normalization allowed to vary independently below and above the
break wavelength. The Fe II pseudo-continuum is composed of many blended Fe II transitions which are generally believed to originate in or near the classical broad line region
(BLR), and as such the redshift and broadening of the Fe II emission should be comparable to that of the broad emission lines. Therefore, in our modeling the Fe II emission
was fixed at the redshift of the quasar being modeled (see Section 5.4 for a detailed discussion of the redshifts); we broadened the Fe II template by convolving with a Gaussian of
2
2
2
F W HMconv where F W HMFeII
= F W HMconv
+ F W HMIZw1
and F W HMIZw1 = 900 km

s−1 . Use of this template necessarily limits the minimum F W HMFeII best-fit to 900 km
s−1 , though this was not a problem since these sources were in the quasar catalog based on
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the presence of broad lines with F W HM > 1000 km s−1 . The lower rest-wavelength end
of the continuum+Fe II fitting window was 2750 Å and the upper rest-wavelength end was
3950 Å (just redward of [Ne III]λ3869) if accessible, or otherwise the red end of the spectral
coverage. This fitting window allowed proper detection of the Fe II emission since it has a
relatively large equivalent width near Mg IIλ2800. We allowed F W HMFeII to vary in steps
of 100 km s−1 , and in general, the solutions are in the range ∼2000-9000 km s−1 , though in
most cases the quality of the fits were not strongly dependent on the broadening.
5.3.3.2

Narrow Emission Line Modeling

We fit each emission line ([Ne V]λ3426 and [Ne III]λ3869) with both a single and a
double Gaussian model, and required that sources in our final sample have fits to at least one
of these two lines significantly improved by the double Gaussian model (∆χ2 ≥ ∆nDOF ). In
seven individual line models, an additional broad component of line width F W HM ≈ 700 −
1500 km s−1 was required for a satisfactory fit. Three of the [Ne V]λ3426 fits required such
a component, where in two of those cases the broad component is consistent with the blue
narrow peak (J074242.18+374402.0: F W HM = 1470 km s−1 ; and J105035.57+190544.2:
F W HM = 1220 km s−1 ), and in the third case it is consistent with the red narrow peak
(J150243.93+281739.9: F W HM = 1320 km s−1 ). Four of the [Ne III]λ3869 fits required a
broad component, where in three of those cases it is consistent with the blue narrow peak
(J105035.57+190544.2: F W HM = 1520 km s−1 ; J105634.56+121023.5: F W HM = 820 km
s−1 ; and J145659.27+503805.4: F W HM = 700 km s−1 ) and in one those cases it is located
between the blue and red peaks (J085205.91+183922.2: F W HM = 1020 km s−1 ). We note
that in only one of these sources (J105035.57+190544.2) is a broad component seen in both
[Ne V]λ3426 and [Ne III]λ3869, and it is consistent with the blue peak.
Properly accounting for the contribution of flux from Fe II emission is often important
in determining the profiles of the emission lines of interest in this wavelength range. In
particular, there is a local peak in the broadened Fe II emission just blueward of [Ne V]λ3426,
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between 3390 Å and 3410 Å, which has the potential to complicate the isolation of the blue
[Ne V]λ3426 component. Therefore, careful attention was paid to the modeling in this region,
and any sources for which the model was ambiguous were not admitted into the final sample.
However, there is no significant Fe II emission near [Ne III]λ3869, and only a small local peak
redward of [O II]λ3727 but with which it is not blended.
From our spectral modeling, there are 38 sources in our sample for which we have
measured robust double-peaks in both [Ne V]λ3426 and [Ne III]λ3869, 42 sources for which
we have only robust [Ne V]λ3426 measurements, and 51 sources for which we have only
robust [Ne III]λ3869 measurements. Thus, there are a total of 131 double-peaked sources in
our sample, making the fraction of double-peaked AGN detected in this manner ∼0.3% of
the parent sample. See Figure 5.1 for examples of the spectra in our final sample showing
the best-fit models over the rest-wavelength range containing [Ne V]λ3426 and [Ne III]λ3869.
Additionally, Figure 5.2 compares the individual [Ne V]λ3426 and [Ne III]λ3869 line profiles
in velocity-space. The best-fit parameters of the emission line modeling are listed in Table
5.1 ([Ne V]λ3426) and Table 5.2 ([Ne III]λ3869). All errors correspond to 1σ uncertainties
and have been propagated throughout any further calculations. The reduced χ2 values for
each double Gaussian model are listed in Tables 5.1 and 5.2 and shown as a distribution in
Figure 5.3. The emission line modeling was performed with SPECFIT (Kriss, 1994). Our
best-fitting Fe II FWHMs are listed in Table 5.3, along with other relevant quasar properties
(redshifts, Mg IIλ2800 FWHMs, and Eddington ratios) which will be described in subsequent
sections.
Throughout the rest of the paper, the velocity offsets of the individual blue and red
components will refer to the offsets from the systemic velocity. For [Ne V]λ3426, these
blue and red velocity offsets will be defined as ∆V[NeV],blue and ∆V[NeV],red , respectively. For
[Ne III]λ3869, the blue and red velocity offsets will be defined as ∆V[NeIII],blue and ∆V[NeIII],red ,
respectively. Blueshifts will correspond to positive velocities. The velocity-splittings will
then be the velocity difference between the lines, i.e. ∆VNeV ≡ ∆V[NeV],blue − ∆V[NeV],red and
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Figure 5.1: Four examples of quasar spectra yielded by our selection process shown in
the quasar rest-frame (zSDSS ) wavelength range of 3360 − 3950 Å. The spectra have been
smoothed by convolving with a Gaussian of σ = 1 Å. The flux densities, Fλ , are in units
of 10−17 erg s−1 cm−2 Å−1 . In each of the four panels the power-law continuum has been
subtracted from the spectrum, and the Fe II template (gray, solid line), best-fit Gaussians
(black, dotted lines), and the best-fit model sum (red, solid line) are shown. See Section
5.3.3 for details on fitting the models. These are examples for which double components are
measurable in both [Ne V]λ3426 and [Ne III]λ3869. In all four cases we can only place upper
limits on the presence of a second [O II]λ3727 component (vertical dashed line). In each
panel we have labeled the expected position of Hζ based on its rest-wavelength, however it
is not always detected, and in no cases can we resolve double-peaks in Hζ.
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Figure 5.2: Examples of two spectra from Figure 5.1 zoomed-in on [Ne V]λ3426 (top) and
[Ne III]λ3869 (bottom). The spectra have been smoothed by convolving with a Gaussian
of σ = 2 Å. In each panel the peak flux of the double Gaussian model has been normalized to unity, and the spectra are plotted in velocity-space with zero-velocity at the quasar
redshift. The power-law continuum has been subtracted from the spectrum, and the model
components are the same as described in Figure 5.1.
∆VNeIII ≡ ∆V[NeIII],blue − ∆V[NeIII],red . The redshifts corresponding to the systemic velocity of
each source are described in Section 5.4.
5.3.4

Comparison Sample
To generate a z < 0.8 comparison sample to be used in our analyses, we examined

the 89 [O III]-selected Type 1 sources in Smith et al. (2010) and measured the line properties of double-peaked [Ne V]λ3426 and [Ne III]λ3869 in cases for which two peaks are
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Figure 5.3: Distribution of reduced χ2 values of the best double-Gaussian fits of
[Ne V]λ3426 (black, solid line) and [Ne III]λ3869 (gray, dashed line).
detectable in those lines. We chose this sample because, as opposed to other double-peaked
[O III]λ5007 samples, it includes Type 1 AGN which were selected from the SDSS quasar
catalog. Therefore, it provides a z < 0.8 sample which can be used for direct comparison. For the measurements on the [O III]-selected sample, we selected those with robust
[Ne V]/[Ne III] double-peaks in the same way as for our high-redshift sample, and likewise
modeled the spectra as described above. This resulted in 18 sources in the [O III]-selected
comparison sample for which we have measured robust double-peaks in both [Ne V]λ3426 and
[Ne III]λ3869, 4 sources for which we have only have robust [Ne V]λ3426 measurements, and
20 sources for which we have only have robust [Ne III]λ3869 measurements. Thus, there are
a total of 42 double-peaked sources in our comparison sample.
5.4

Redshifts
Some sections of our analysis require a knowledge of the individual quasar redshifts.

For the sources in our sample, we have redshifts available from several different measurement
techniques. In this section we describe those redshift estimates which are useful for our
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scientific interests.
5.4.1

SDSS Redshifts
Redshifts for spectroscopically-detected sources in the SDSS are determined by the

‘spectro1d’ code described in Stoughton et al. (2002). In short, two separate redshifts are
determined, an emission line redshift (zEL ) and a cross-correlation redshift (zXC ), and the
final value adopted by the code is the redshift solution with the highest confidence level
(though each individual value is stored and available through the archive). Additionally, a
small fraction of the quasar redshifts were re-determined after visual inspection as described
in Schneider et al. (2010). zEL is measured by the identification of common galaxy and quasar
emission lines with known rest-wavelength values, and therefore for our sample the highest
confidence zEL values are almost exclusively determined by sets of the strong quasar emission
lines C IVλ1549, C III]λ1909, Mg IIλ2800, [O II]λ3727, Hδ, Hγ, and Hβ. Likewise, the
template which provided the highest confidence zXC values for our sample is the composite
quasar template from Vanden Berk et al. (2001). For 107 of our sources, zXC and zEL are
consistent with each other within their errors. For the remaining 24 redshifts, 19 are from
zXC , 4 are from zEL , and 1 was determined by hand. We note that for those sources with
disagreeing values of zXC and zEL , the poorer of the two values is clearly incorrect and not
usable. Throughout the rest of this paper, we refer to the final redshifts produced by the
‘spectro1d’ code as zSDSS , and these values are listed in Table 5.3.
5.4.2

Redshifts from [Mg II]λ2800
In principle, individual emission lines can provide independent redshift estimates

corresponding to the physical regions where those lines originated, e.g. the broad emission
lines provide redshifts for the BLR. For our purposes, it is useful to know the redshift of the
central SMBH (under the assumption of a single, active SMBH in the host galaxy) which can
potentially be traced by the BLR if the gas is virialized. Fortuitously, given the redshift range
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of our sample, for all of our sources we have spectral access to the broad Mg IIλ2800 emission
line, which has been shown to be virialized in the potential of the central SMBH (McLure
& Jarvis, 2002). Therefore, we have used the Mg IIλ2800 emission line models from the
catalog of SDSS DR7 quasar properties (Shen et al., 2011b) to obtain estimates of the BLR
redshifts (zM gII ).
However, we would like to note several potential technical difficulties involved in measuring the Mg IIλ2800 line centroid which limit its application to our work. These difficulties
include blending with Fe II emission, UV absorption features, and the often ambiguous presence of a narrow emission line component (which is actually the doublet Mg IIλλ2797, 2802).
We also note that the Mg IIλ2800 line centroids may be complicated if the low-ionization
broad emission lines have the characteristic double-peaked profile of disk emitters (Eracleous
& Halpern, 2003; Strateva et al., 2003). Furthermore, since we are considering the scenario
of two AGN within the same host galaxy, we must consider the possibility that the broad
Mg IIλ2800 line is a blending of two BLRs from two Type 1 AGN. Though the components
of a dual AGN would not be close enough for the line-splitting to exceed the FWHM (several thousand km s−1 ) and produce explicit double-peaked profiles (Shen & Loeb, 2010),
two broad Mg IIλ2800 components separated by several hundred km s−1 will still result in
a relatively broadened, and possibly asymmetric, Mg IIλ2800 profile, thereby complicating
the centroid measurement. We have visually inspected the Mg IIλ2800 line profile for each
source in our sample in order to characterize their structure. There are several sources which
show evidence for asymmetric structure, though it is generally difficult to discern if any of
the profiles contain two broad components as would be the case if there are dual BLRs.
Though many of those redshifts have rather large errors, a subset of them have robust line
centroids with percent errors less than 1% (73 sources) and percent errors less than 0.1% (52
sources). The Mg IIλ2800 redshifts are listed in Table 5.3.
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Figure 5.4: Distribution of (zSDSS − zM gII )/(1 + zSDSS ) for the parent sample (top) and
our sample (bottom). The mean and sigma are shown for each distribution. Note that the
distributions are similar for both samples.

Figure 5.5: Top: Distribution of the parent SDSS quasar sample (Schneider et al., 2010)
in the relevant redshift range. Bottom: Distribution of redshifts for our final double-peaked
[Ne V]/[Ne III] sample developed as described in Section 5.3. The cut-off below z = 0.80
in our sample is entirely the result of our initial cut in redshift space (see Section 5.3.1),
and the highest redshift for sources found through our selection process is z = 1.53. The
redshifts are described in Section 5.4.
5.4.3

Comparison of zSDSS and zM gII
Figure 5.4 shows the distribution of (zSDSS −zM gII )/(1+zSDSS ) where the Mg IIλ2800

redshifts appear to be systematically larger than the cross correlation redshifts in both our
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sample and the parent sample. This same effect is clearly apparent in the SDSS redshift
analysis of Hewett & Wild (2010), which suggests that we are seeing the same systematic
trend in our analysis. While Hewett & Wild (2010) provide redshifts which correct for this
systematic offset in a statistical sense, these corrections may not be appropriate for some
individual quasars. Therefore, we do not use these improved redshifts since our sample only
contains 131 sources.
Based upon our comparison between zSDSS and zM gII , for the rest of our analysis we
have chosen to use the zSDSS values and their associated errors. These SDSS redshifts will
serve as the systemic velocities for our sources. All quoted line-splittings between the two line
peaks (∆V[NeV] and ∆V[NeIII] ) and velocity offsets for the blue (∆V[NeV],blue and ∆V[NeIII],blue )
and red (∆V[NeV],red and ∆V[NeIII],red ) components are relative to these SDSS redshifts. The
range of redshifts in our sample is z = 0.80 (low-limit cutoff discussed in Section 5.3.1) to
z = 1.53 (highest redshift source in our sample). In Section 5.6.4, for which our analysis is
heavily dependent upon the choice of redshift, we will also use the robust zM gII measurements
mentioned in Section 5.4.2 for comparison.
5.5

General Properties of the Sample
In this section we describe several of the general properties of our sample. We compare

the distributions of these properties (redshifts, S/N, and velocity offsets) to the parent sample
or our low-redshift comparison sample in order to show our selection biases. Additionally, we
discuss the results of our completeness estimates with respect to several of these and other
properties.
5.5.1

Distributions
The SDSS redshifts we have adopted for our sample (Section 5.4) are shown and

compared to the parent sample in Figure 5.5. The redshift distribution shows a peak near
the low redshift cutoff of the sample, with a gradual decline out to higher redshifts, in contrast
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Figure 5.6: Distribution of continuum S/N per pixel near the [Ne V]λ3426 (black, solid
line) and [Ne III]λ3869 (gray, dashed line) emission lines for sources in our sample. For each
distribution, the S/N values were calculated over a set of featureless wavelength regions near
the respective emission lines.
to the increasing population of the parent SDSS quasar sample. This strong dependence on
redshift may reflect a dependence on equivalent width or a luminosity bias, which we discuss
further below.
Figure 5.6 shows the distribution of the continuum S/N per pixel, where the mean
values are 18.5 and 14.5 in the wavelength regions adjacent to [Ne V]λ3426 and [Ne III]λ3869,
respectively. Compared to the parent sample, our sample shows a deficit at the low S/N
regime, and a stronger tail out to higher S/N values. These distributions show that our
selection is biased toward spectra of good quality which reflect the fact that detection of
double-peaked structure in [Ne V]λ3426 and [Ne III]λ3869 is sensitive to the S/N and
generally difficult at S/N<5. Furthermore, the larger mean value of the continuum S/N
near [Ne V]λ3426 is reflective of the fact that [Ne V]λ3426 is generally a weaker line than
[Ne III]λ3869 in AGN spectra (Osterbrock & Ferland, 2006) and therefore a stronger signal
is required for the detection of double-peaked structure. The dependence of our selection
completeness on S/N will be addressed below.
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Since this study is motivated by the identification of high-redshift analogs of AGN
with double-peaked [O III]λ5007 lines, we compare the distribution of line properties of
our sample to those of the [O III]-selected comparison sample. The SDSS spectral resolution, S/N, and the intensity of the emission lines determine whether or not we are able
to reliably detect double-peaks at a given separation in velocity-space. [Ne V]λ3426 and
[Ne III]λ3869 are fainter than [O III]λ5007 in AGN spectra by a factor of ∼ 4 (Ferland &
Osterbrock, 1986), which means that selection based on [Ne V]/[Ne III] will be biased toward
larger line-splittings relative to [O III]λ5007. For example, double-peaked samples selected
through [O III]λ5007 have sources with line splittings down to ∼200 km s−1 , and the mean
of the [O III]λ5007 line-splittings in the Type 1 sample of Smith et al. (2010) is ∼420 km
s−1 . On the other hand, the mean of the [Ne V]λ3426 and [Ne III]λ3869 line-splittings of our
sample is ∼700 and ∼700 km s−1 , respectively.
Figure 5.7 shows the distribution of velocity offsets from the systemic redshift for
[Ne V]λ3426 and [Ne III]λ3869 in both our sample and the [O III]-selected sample. While
the measurements on the comparison sample were performed in the same way as for our
sample (Section 5.3), these sources were selected from a sample of previously determined
double-peaked AGN. Therefore, we were able to more confidently identify two peaks in
[Ne V]λ3426 and [Ne III]λ3869 at relatively smaller ∆V s for the [O III]-selected sample, as
shown in Figure 5.7. A Kolmogorov-Smirnov (KS) test indicates that the blue components of
our sample come from a different distribution than those of the [O III]λ5007-selected sample
(D[NeV] = 0.56, D[NeIII] = 0.43, and probabilities that they come from the same distribution
P[NeV] = 3 × 10−5 , P[NeIII] = 7 × 10−5 ). A KS test also reveals a (less significant) difference in
the red components (D[NeV] = 0.43, D[NeIII] = 0.33, and probabilities of P[NeV] = 2.3 × 10−3 ,
P[NeIII] = 5.6 × 10−3 ). This indicates that we are finding similar double-peaked narrow line
sources to those selected through [O III]λ5007 but that we are preferentially missing a portion
of those with relatively small ∆V ’s.
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Figure 5.7: Distribution of velocity offsets for double-peaked AGN with positive velocities
indicating blueshifts. ‘Blue’ component offsets (∆V[NeV],blue and ∆V[NeIII],blue ) are shown as
horizontally-hatched blue lines, and ‘red’ component offsets (∆V[NeV],red and ∆V[NeIII],red ) are
shown as diagonally-hatched red lines. The peak value in each panel has been normalized to
unity. Top: Sources selected through [Ne V]λ3426 and [Ne III]λ3869 emission line profiles.
Bottom: Distribution of velocity-offsets for the [O III]-selected Type 1 AGN from the Smith
et al. (2010) (S10) sample. All distributions are shown separately for [Ne V]λ3426 (left) and
[Ne III]λ3869 (right). The average velocity-offsets are shown for each distribution. The black
solid vertical line in each panel represents zero velocity offset.
5.5.2

Selection Completeness
To estimate what fraction of sources with double-peaked [Ne V] and/or [Ne III] we are

missing due to the potential selection biases discussed above, we have estimated our selection
completeness through simulations. Specifically, we generated artificial spectra designed to
mimic SDSS spectra in the [Ne V]/[Ne III] wavelength ranges (a similar test was performed
by Liu et al. 2010 for their [O III]-selected sample). Using the SDSS spectral dispersion, we
modeled the continuum as a power-law and the emission lines as Gaussians with randomly
assigned values for the parameters of equivalent width (EW), FWHM, continuum S/N per
pixel, and line offsets from the systemic velocity. The ranges of allowed values for those
parameters were made uniform and at least slightly larger than the distributions of our final
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sample in order to ensure that we sampled the relevant parameter space for the analysis.
While the EW distribution of our sample only extended to ∼35 Å for the blue and red
components, we allowed our simulations to have EWs of up to 50 Å for the individual lines
(100 Å total EW). The simulated FWHMs ranged from 100 to 1800 km s−1 , ∼200 km
s−1 larger than the largest FWHM of our sample. The simulated continuum S/N values
ranged from 2 to 33, just larger than the range of our sample (see Figure 5.6). Finally, the
simulated line offsets ranged from 0 to 2000 km s−1 , ∼500 km s−1 larger than the largest
line offsets of our sample. We generated a total of 10,000 spectra, with 2,000 of them having
double-peaked emission lines, and the other 8,000 having single-peaked emission lines. Out
of these simulated spectra, randomly distributed, we selected a final sample of double-peaked
emission lines in the same manner as described in Section 5.3.
We see a positive trend between completeness and EW, and find that we are highly
incomplete over the EW range of our sample. For example, we estimate a completeness of
just ∼1.2% for a total EW of 10 Å and ∼4.5% for a total EW of 30 Å. We see a negative
trend between completeness and FWHM which can be interpreted as the result of peak
blending at large line widths. We see a moderate positive trend between completeness and
S/N, with a completeness of ∼42% at S/N=5 and ∼50% at S/N=30. Finally, we see a strong
dependence on velocity-splitting, with a completeness of ∼55% at ∆V = 900 km s−1 and
∼34% at ∆V = 500 km s−1 . In contrast, Liu et al. (2010) find a completeness of ∼75% at
∆V = 900 km s−1 and ∼50% at ∆V = 500 km s−1 for their [O III]λ5007 sample.
Over comparable parameter ranges, we are less complete than Liu et al. (2010) for
all of the parameters (∼50-80% of their completeness), with the exception of FWHM, for
which we have an equivalent or slightly greater completeness at the large FWHM end of
their distribution (∼900 km s−1 ). This is likely due to the fact that we allowed for a larger
range of line offsets resulting in our ability to identify broader double peaks. The smaller
completeness in our selection compared to those of Liu et al. (2010) is likely due to the
relatively smaller equivalent widths of [Ne V]/[Ne III] allowed in our simulations which is
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reflective of the weaker intensities compared to [O III]λ5007. Of the parameters investigated,
we find that our completeness is most strongly dependent on and most drastically different
from Liu et al. (2010) in the velocity-offsets (Figure 5.7). This result is again consistent with
the notion that we are preferentially missing a portion of those with relatively small ∆V s.
Since false double-peaks are generated by noise, false positives are most likely to occur
in low S/N spectra in which random noise peaks are difficult to discern from the emission
line signal. However, our conservative selection criteria effectively required that the S/N be
sufficiently large, as can be seen in Figure 5.6, with S/N[NeV] < 5 for only 4 sources (3%) and
S/N[NeIII] < 5 for only 11 sources (8%). This is reflected in the fact that we did not select
any false positives in our completeness analysis.
5.6

Correlations among Sample Properties
In the following section, we examine several trends related to the velocity offsets of the

individual blue and red components from the systemic redshift and line-splittings between
the blue and red components. We are interested in uncovering the prevailing mechanism(s)
producing the double-peaked emission lines in our sample. In particular, we investigate
the following four relationships: line-splitting vs line width, line-splitting vs quasar Eddington ratio, [Ne V]λ3426 velocity offsets vs [Ne III]λ3869 velocity offsets, and blue/red
velocity-offset ratio vs blue/red luminosity ratio. In the following analyses we combine the
[Ne V]/[Ne III] measurements of our sample with those of the [O III]-selected sample in order
to increase both the sample size and the dynamic range of velocity offsets and line-splittings.
5.6.1

A Correlation Between Line-Splittings and Line Widths
In AGN with emission lines offset from the systemic velocity, there is often an observed

positive correlation between the line peak offset (blueshifts being positive offsets) and line
width. For example, in samples of so-called ‘blue outliers’ (AGN with [O III]λ5007 lines
blueshifted by > 100 km s−1 ), there is an observed positive correlation between the blueshift
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and line width of [O III]λ5007 (Komossa et al., 2008). A similar trend was also seen by
Liu et al. (2010) for their sample of Type 2 double-peaked [O III]λ5007 sources, with the
offsets being the line-splitting between the two peaks. In a similar fashion, we have plotted
the line splittings against the line widths (FWHM) for the double-peaked [Ne V]λ3426 and
[Ne III]λ3869 lines in both our sample and in the [O III]-selected sample (Figure 5.8). For
both [Ne V]λ3426 and [Ne III]λ3869, statistically significant positive correlations between
the line-splitting and FWHM are evident. The correlations are strong and the line-splittings
are generally larger than the line widths, and both of these results were also found by Liu
et al. (2010) with respect to [O III]λ5007 emission lines.
The possible physical interpretations of these trends often includes an ionization
stratification of the NLR in which the higher ionization lines originate closer to the ionizing radiation source (Zamanov et al., 2002; Komossa et al., 2008). In such a scenario,
if there is a radially decelerating outflowing component of the NLR, then the higher ionization lines are accelerated to higher velocities. The emission lines produced in the inner
portions of the NLR will also be more broadened as their motion would be dominated by
the bulge gravitational potential (Nelson & Whittle, 1996). Since the ionizing potentials of
[Ne V]λ3426 and [Ne III]λ3869 (I.P. = 41.07 and 97.16 eV, respectively) are larger than that
of [O III]λ5007 (I.P. = 35.15 eV), we might expect the correlation between line-splitting
and FWHM to be stronger among these emission lines. This is also expected based on
the higher critical electron densities for collisional de-excitation (ncrit ) of [Ne V]λ3426 and
[Ne III]λ3869 (ncrit = 1.3 × 107 cm−3 and ncrit = 9.5 × 106 cm−3 , respectively) compared to
[O III]λ5007 (ncrit = 6.8 × 105 cm−3 ) since electron densities will increase toward the nuclear
region. Indeed, we find that the strengths of these correlations are generally comparable to or
stronger than those for [O III]λ5007 in the sample of Liu et al. (2010) and in the narrow line
Seyfert 1 (NLS1) sample from Komossa et al. (2008). These trends in our sample might be
more reflective of the even stronger trends among the subset of ‘blue-outliers’ from Komossa
et al. (2008).
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Figure 5.8: Plot of line width (FWHM) vs. line-splitting for [Ne V]λ3426 (top panel) and
[Ne III]λ3869 (bottom panel). In each panel, the ‘blue’ and ‘red’ systems are labeled with blue
circles and red triangles, respectively. Filled data points correspond to our [Ne V]/[Ne III]selected sample, while unfilled points correspond to the [O III]-selected sample. The Spearman rank coefficients (rS ) and probabilities of a null hypothesis (P ) are listed for the ‘blue’
and ‘red’ components. The dashed line is the one-to-one relation. The average X and Y
errors are indicated in the lower right corner of each panel. Our completeness tests indicate
that we are increasingly incomplete toward large-FWHM/small-∆V (i.e. the upper left
corners), but that we are increasingly complete toward small-FWHM/large-∆V (i.e. the
lower right corners).
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5.6.2

A Correlation Between Velocity-Splitting and Eddington Ratio
Motivated by the outflow interpretation often used for samples of double-peaked emis-

sion line AGN, we investigate the relationship between the velocity-splittings and the quasar
Eddington ratios (fEdd = Lbol /LEdd ). We calculated LEdd using the standard derivation of
the Eddington luminosity, LEdd = 4πcGMBH µe /σT , where G is the gravitational constant,
µe is the mass per unit electron, and σT is the Thomson scattering cross-section (Krolik,
1999). MBH was estimated for each Type 1 AGN using the SMBH mass-scaling relationships
from broad emission line widths and monochromatic luminosities: F W HMHβ and L5100 Å
(z < 0.8) or F W HMMgII and L3000

Å

(z > 0.8) from McClure and Dunlop (2004). The

line widths are mostly from the SDSS DR7 catalog of quasar properties Shen et al. (2011b),
though we visually inspected and re-fit several of them for which we were able to improve on
the models. For each AGN with an estimate of MBH , we estimated Lbol from the monochromatic luminosities L5100 Å (z < 0.8) or L3000 Å (z > 0.8) and the bolometric corrections of
Richards et al. (2006).
Figure 5.9 shows fEdd plotted against three quantities: velocity-splittings, blue velocityoffsets and red velocity-offsets. For both [Ne V]λ3426 and [Ne III]λ3869, a Spearman rank
test reveals statistically significant correlations between fEdd and each of these quantities.
When comparing [Ne V]λ3426 and [Ne III]λ3869, it is apparent that the correlations are
stronger for [Ne V]λ3426 than for [Ne III]λ3869 in all correlations tested. Additionally, for
both [Ne V]λ3426 and [Ne III]λ3869 the correlations are strongest between fEdd and the blue
velocity-offsets. We note that the low velocity-offsets are dominated by the [O III]-selected
sources, which simply reflects the selection bias discussed in Section 5.5. If the velocitysplittings represent a NLR outflow in a significant number of these sources, then this result
suggests that the radiation generated by the quasar accretion rate may play a crucial role
in driving the line-splittings. Additionally, it appears that the blue component is more
strongly dominated by outflowing material than the red component, which has implications
for obscuration.
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Figure 5.9: Plot of Eddington ratio versus velocity-splitting (top), blue component
offsets (middle) and red component offsets (bottom) for [Ne V]λ3426 (left) and
[Ne III]λ3869 (right). See Section 5.6.2 for details on calculations of fEdd . To be consistent
among each subsample while accommodating the negative velocity-offsets of red components,
the individual velocities for each distribution have been shifted by a constant, a, such that
the mean of that particular distribution is equivalent to 1000 km s−1 , i.e. a = 1000 − (∆V ).
In each panel the horizontal gray, dashed line represents ∆V = 0 km s−1 for that particular
distribution. Sources at 0.8 < z < 1.6 ([Ne V]/[Ne III]-selected) are plotted as filled triangles, and sources at z < 0.8 ([O III]-selected) are plotted as unfilled triangles. The Spearman
rank coefficients and probabilities of the null hypothesis are given for each of the sub-samples
and for the combined samples. The red solid lines in each distribution are the best linear
fits weighted by the X and Y errors (obtained with the ‘FITEXY’ routine) for the combined
sample.
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5.6.3

Ionization Stratification
The difference in I.P. between [Ne V]λ3426 and [Ne III]λ3869 is ∼56 eV and can

be used to provide insight on the gas dynamics in different regions of the NLR. Since the
line offsets have been shown to correlate with the quasar Eddington ratios (Section 5.6.2),
suggesting an outflowing component, we would like to search for evidence of an ionization
stratification. Figures 6.5A and 6.5B show ∆V[NeV],blue versus ∆V[NeIII],blue and ∆V[NeV],red
versus ∆V[NeIII],red for all sources in our sample and the [O III]-selected sample for which
there are detectable double-peaks in both lines.
Though the true nature of the gas kinematics in NLRs is likely to be complex, under
the simplest pictures of NLR ionization stratifications it is generally not expected that lines of
lower ionization potential will show blue velocity-offsets larger than those of greater ionization
potentials. Indeed, from Figure 6.5A it can be seen that all of the points are consistent with
having equivalent blue velocity-offsets in the two lines, or otherwise with a larger blue offset
in [Ne V]λ3426. This is also apparent in Figure 6.5C, with a mean ∆V[NeV],blue − ∆V[NeIII],blue
value of 195 km s−1 . Accounting for the 1σ uncertainties, from our sample 15 sources (40%)
are consistent with equivalent blue velocity-offsets for both [Ne V]λ3426 and [Ne III]λ3869,
and 23 sources (60%) have significantly larger [Ne V]λ3426 blue velocity offsets, consistent
with the presence of an ionization stratification. Comparable fractions are seen in the [O III]selected sample. The sources in the small velocity-offset portion of the plot are dominated
by the [O III]-selected sample, which again reflects the selection bias discussed in Section
5.5. In contrast, the difference in the red offsets has a narrower distribution and a mean
value more consistent with ∆V[NeV],red = ∆V[NeIII],red (Figures 6.5B and 6.5D). This suggests
that the red systems are generally less stratified and have a different origin.
Also plotted are several additional double-peaked sources for which follow-up observations have been obtained, including extended and unresolved NLRs from Fu et al. (2012),
dual AGN from Fu et al. (2012) and Comerford et al. (2011), and a candidate dual AGN
from (Barrows et al., 2012). Note that the extended/unresolved NLRs and the dual AGN
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Figure 5.10: Top: Plots of ∆Vblue,[NeV] versus ∆Vblue,[NeIII] (A) and ∆Vred,[NeV] versus
∆Vred,[NeIII] (B). The dashed line is the one-to-one relation. Each velocity has been shifted
by the constant a where a = 1000 − (∆V[N eV ] ). In each panel the horizontal gray, dashed
line represents ∆V[NeV] = 0 km s−1 and the gray, shaded region represents the average of our
sample. [Ne V]/[Ne III]-selected sources are plotted as filled circles while sources selected via
[O III]λ5007 are plotted as open circles. Additional sources are plotted as stars: extended
NLRs (SDSS J110851.03+065901.4 and SDSS J135646.10+102609.0) and an unresolved NLR
(SDSS J105052.46+083934.7) from Fu et al. (2012) are indicated by solid green and purple
stars, respectively, [OIII]-selected dual AGN SDSS J171544.05+600835.7 (Comerford et al.,
2011) and SDSS J150243.1+111557 (Fu et al., 2011b) are indicated by blue stars, and a
[Ne V]/[Ne III]-selected dual AGN candidate from Barrows et al. (2012) is indicated by a
red star (CXOXBJ142607.6+353351). Bottom: Histograms of ∆V[NeV],blue − ∆V[NeIII],blue
(C) and ∆V[NeV],red − ∆V[NeIII],red (D). The dashed line in the bottom panels represents
∆V[NeV],blue = ∆V[NeIII],blue (C) and ∆V[NeV],red = ∆V[NeIII],red (D). The mean values are shown
for each distribution.
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are [O III]-selected, and the candidate dual AGN was selected based on [Ne V]λ3426 and
[Ne III]λ3869. With the exception of the dual AGN SDSS J150243.1+111557, these additional sources are all consistent with no apparent ionization stratification in either the blue
or red system by the 1σ criteria we have used above.
5.6.4

Dynamical Relation
In this section we examine a dynamical argument, originally proposed by Wang et al.

(2009), for the presence of dual AGN in our sample. Under the simplest picture of Keplerian
orbital motion, a binary system of masses should show an inverse correlation between the
ratio of their velocities, V1 /V2 , and the ratio of their masses, M1 /M2 , i.e. V1 /V2 = M2 /M1 .
As shown in Wang et al. (2009) for their sample of double-peaked [O III]λ5007 AGN, the ratio
of the line offsets is equivalent to the velocity ratio, and the mass ratio can be approximated
by the luminosity ratio multiplied by a factor representing the ratio of the accretion rates,
)1,2 . This yields the relation Lb /Lr = )b,r ∆Vr /∆Vb between the blue and red components.
For our sample, we have measured the requisite observational properties to perform this
same analysis, but with the emission lines [Ne V]λ3426 and [Ne III]λ3869.
Figure 5.11 shows ∆Vb /∆Vr plotted against Lb /Lr for both [Ne V] and [Ne III]. The
plots include both our sample and the low-redshift comparison sample. Also over-plotted
are the same confirmed/strong dual AGN candidates and extended/unresolved NLR AGN
shown in Figure 6.5 and discussed in Section 5.6.3. From a Spearman rank correlation test,
it is clear that there is a strong negative correlation between ∆Vb /∆Vr and Lb /Lr , which is
in the same sense as expected based on the theoretical relation of the binary, Keplerian orbit.
Specifically, a strong correlation is seen individually in our sample, the comparison sample,
and in the combined sample. For both [Ne V]λ3426 and [Ne III]λ3869, the comparison
sample shows slightly stronger correlations than for our sample.
As argued in Wang et al. (2009), in a major merger one might expect that the SMBHs
will be in similar environments and therefore, on average, should have similar Eddington
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Figure 5.11: Plot of the velocity-offset ratio (|∆Vb |/|∆Vr |) versus the luminosity ratio
(Lb /Lr ) shown separately for [Ne V]λ3426 (left) and [Ne III]λ3869 (right). The solid black
line is linear best fit weighted by the X and Y errors found using the ‘FITEXY’ routine. The
solid red line is the theoretical relation assuming equivalent Eddington ratios for the blue and
red components ()1,2 = 1), and the dashed black line is the theoretical relation for a bi-polar
outflow, both of which are discussed in Section 5.6.4. The colored stars represent the same
extended/unresolved NLRs, confirmed dual AGN and candidate dual AGN as in Figure 6.5
and have the same symbols. In each panel the Spearman rank correlations coefficients and
probabilities of no correlation are shown for our sample, this comparison sample, and the
combined (‘All’) sample.
ratios ()b,r = 1). Therefore, we over-plotted the theoretical relation for )b,r = 1, which has
the following form in base-10 logarithm space: log10 [Lb /Lr ] = log10 [)b,r ] − log10 [Vb /Vr ]. For
both [Ne V]λ3426 and [Ne III]λ3869 the colored/starred sources are generally consistent
with the theoretical and best-fit lines, and they span a large enough dynamic range to display
the same general trend as our sample. The best-fit linear relations (weighted by the X and
Y errors) are log10 [Lb /Lr ] = (0.16 ± 0.02) − (0.75 ± 0.09) × log10 [Vb /Vr ] ([Ne V]λ3426) and
log10 [Lb /Lr ] = (0.05 ± 0.02) − (0.51 ± 0.04) × log10 [Vb /Vr ] ([Ne III]λ3869). These relations
are similar to the theoretical relation for )b,r = 1, though they are technically not consistent
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when accounting for the 1σ errors, with both fits yielding shallower slopes. The shallower
slopes appear to be caused by some of the sources at the low Lb /Lr end which extend out
to larger Vb /Vr ratios than the rest of the sample. In this portion of the plot, our sources
are systematically shifted above the theoretical relation. Finally, we have over-plotted the
theoretical relation expected for a biconical outflow, Lb /Lr = (∆Vb /∆Vr )3 (developed in
Wang et al. 2009). This relation is in the nearly the opposite sense as the for the binary
relation and is far from agreeing with the best-fit relations. In Section 5.8.2.3 we will discuss
how this correlation and the offset from the theoretical relation may be consistent with the
presence of both dual AGN and outflows in our sample.
While the version of this analysis presented in Wang et al. (2009) utilized host galaxy
redshifts (obtained through fitting template galaxy spectra), we can not obtain that information for our sample since the quasar continuum outshines the galaxy starlight. Instead, the
velocity offsets used in our analysis here are relative to the SDSS redshifts (zSDSS ) discussed
in Section 5.4. However, we have attempted to investigate the dependence of our results on
the choice of redshift. Recalling our discussion in Section 5.4, we also have redshifts based
upon Mg IIλ2800 which (in the single SMBH scenario) should trace the central, active
SMBH redshift. Therefore, we examined Vb /Vr versus Lb /Lr for the subset of our sample
with robust (percent error < 0.1%) zM gII values. We find that this does not introduce a
significant change in the best-fit coefficients for [Ne V]λ3426 or [Ne III]λ3869.
5.7

Radio Loudness
Since 91% (119/131) of our sources are in the FIRST footprint (5σ flux limit of ∼750

mJy), to determine their radio-loudness we have adopted the commonly used definition of
radio to optical luminosity ratio R = L5GHz/L2500 Å, with R = 10 being the cutoff value
for the radio-loud classification (Ho, 2002). From our parent sample, the fraction of radioloud SDSS quasars in the FIRST footprint is 10%, whereas that fraction is 23% in our final
double-peaked [Ne V]/[Ne III] sample. For comparison, Smith et al. (2010) obtained 9%
126

(parent sample at z < 0.8) and 27% (double-peaked [O III]λ5007 sample), respectively.
This preferential selection of radio sources over the parent quasar population in both studies
suggests that the origin of the double-peaks might be related to the presence of radio jets in
some sources, as in the case of SDSS J151709.20+335324.7 (Rosario et al., 2010).
5.8

Interpretation
In this section, we synthesize the results of the previous sections to highlight the

most likely physical scenarios that produce the line splitting and line offsets in our sample of
quasars with high-ionization, double-peaked narrow emission lines. In particular, we examine
the possibilities of AGN outflows and dual AGN.
5.8.1

Examining the Outflow Hypothesis
The correlation between line-splitting and line width evident in the blue and red

systems of both [Ne V]λ3426 and [Ne III]λ3869 (Figure 5.8) indicates that the mechanisms
producing both the line-splittings and the line broadening are related, an observation which is
consistent with the two emission line components originating near the same AGN. In general,
emission line velocity-offsets from the host galaxy or quasar redshift are often interpreted as
evidence for outflowing photoionized gas; powerful AGN, including quasars, are known to be
capable of driving high-velocity and/or large-scale outflows (Fischer et al., 2011). We will
discuss how properties of our sample are consistent with some of the mechanisms known to
produce outflows, and how they result in stratified NLRs. Furthermore, we will discuss our
interpretation within the context of a proposed outflow and stratification geometry shown
in Figure 5.12.
5.8.1.1

Mechanisms Producing AGN Outflows

Two of the commonly proposed mechanisms for driving outflows in powerful AGN are
radiation pressure from the accretion disk and radio jets. Figure 5.9 shows that the velocity127
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Figure 5.12: Cross-section of the NLR showing our proposed geometry of the outflow/ionization stratification scenario and the relative origins of [Ne V]λ3426 and
[Ne III]λ3869. The ISM around the central AGN is assumed to be spherically symmetric, the orientation of the outflow axis is 45◦ from face-on, and we only show the NLR out
to a radius which includes all of the [Ne V]λ3426 and [Ne III]λ3869 emission. The bi-cone
of ionizing radiation (with an opening angle of 45◦ ) emanating from the central SMBH is
indicated by the gray shaded regions. Various individual portions of the ISM and NLR are
indicated by solid circles. Portions where [Ne V]λ3426 is produced but not [Ne III]λ3869 are
shown as solid white circles, portions where both [Ne V]λ3426 and [Ne III]λ3869 are produced are indicated by solid gray circles, and portions where [Ne III]λ3869 is produced but
not [Ne V]λ3426 are indicated by solid black circles. Portions of the ISM not in the ionization
cone are indicated by light gray circles. The black arrows indicate the velocities relative to
the central SMBH, and the colored waves/arrows represent Doppler shifting of the light due
to the velocity component along the line of sight to the observer.
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splittings are correlated with the quasar Eddington ratio, fEdd , for [Ne V]λ3426 and for
[Ne III]λ3869. This result is consistent with the notion that outflows can be driven by
radiation pressure from an accretion disk, and that more actively accreting SMBHs will
drive stronger outflows. This scenario is shown in Figure 5.12 with the radiation emanating
from the accretion disk in the commonly assumed bi-conical shape (Antonucci, 1993). Our
result is also consistent with the results of Komossa et al. (2008) who find that their sample
of NLS1s with offset [O III]λ5007 lines have relatively large Eddington ratios which might
be reflective of the radiation driving the outflow. Finally, that the correlation with fEdd
is stronger for [Ne V]λ3426 than for [Ne III]λ3869 fits with a picture in which the NLR
gas closest to the central engine is more strongly accelerated by the radiation pressure, as
indicated in Figure 5.12 by the larger velocity vectors on material closest to the SMBH.
However, it is possible that not all of the outflows are driven by radiation pressure. In
particular, radio jets are known to drive outflows in AGN by entrainment of NLR material,
and our sample (and the [O III]-selected sample) have radio loud fractions of ∼25% (Section
5.7). Therefore, the high fraction of radio loud quasars in our sample relative to the parent
quasar sample is a strong indication that the double-peaked sample we have compiled includes
quasars with outflowing components.
5.8.1.2

Evidence for Stratified NLRs

If outflows are a common mechanism for driving line-splitting in NLRs, then this
should naturally result in a stratified NLR since lines of greater I.P. and ncrit will be preferentially produced nearer to the AGN where they are accelerated to higher velocities relative
to lines of lower I.P and ncrit . The relative origins and velocities of emission lines in the
stratification scenario are illustrated in Figure 5.12, where [Ne V]λ3426 originates closer to
the SMBH than [Ne III]λ3869. We examined this scenario by looking at the relationship
between the velocity-offsets of [Ne V]λ3426 and [Ne III]λ3869 in Section 5.6.3. In that
analysis, Figure 6.5A shows that 60% of the sources have a significantly larger blue velocity
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offset in [Ne V]λ3426 compared to [Ne III]λ3869, suggestive of a stratified NLR. We are
only seeing the projected velocity-offsets, so this percentage might represent a lower limit on
the number of sources with stratified NLRs when accounting for random orientations of the
outflow axes. We note that in Figure 6.5 the largest stratifications are seen at the largest
velocities. This could also be a result of projection effects, since orientations which reduce
the radial velocity components will also reduce the observed stratification. However, this
trend may also be due, in part, to the physical effect of stronger outflows (larger velocities)
producing larger stratifications.
For most of the sources in our sample we can only place upper limits on the fluxes
and velocity offsets of blue [O II]λ3727 components. This is partly due to the blending of
the λ3726, 3729Å doublet (Section 5.3.2). However, if the double emission line components
are driven by outflows and the NLR is stratified, one might expect that [O II]λ3727, with a
relatively small ionization potential of I.P. = 13.614 eV and critical density of ncrit = 3.4×103
cm−3 , will be strongest in a portion of the NLR relatively further from the central AGN. As
a result, it will not be accelerated to high velocities, resulting in a small line-splitting.
With the outflow axis oriented at some angle intermediate to edge-on or face-on, the
redshifted NLR emission will consequently be more attenuated than the blueshifted emission,
as illustrated by the ‘obscuring ISM’ labeled in Figure 5.12. The portions of the NLR with
the largest line of sight velocity components will be most obscured. Conversely, the portions
with the smallest line of sight velocity components will be the least obscured. The result
is that, in the presence of such attenuation, the most redshifted portion of the emission
lines will obscured, moving the observed position of the red emission peak closer to the
systemic, i.e. non-Doppler shifted, redshift. In this case the red component resembles the
‘classical’ NLR. This is consistent with observations in which offset narrow emission lines in
AGN are usually blueward of the systemic velocity, indicating that we are able to view the
outflowing component moving toward the observer, while the component moving away from
the observer is obscured by a larger column of dust. For example, from Figure 5.7 it appears
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that the mean magnitude of the red component velocity-offsets from the systemic redshift
are generally smaller than those of the blue components, consistent with the notion that the
red components are less dominated by outflows.
Note that in Figure 5.12, with sufficient attenuation even the NLR emission which
is least Doppler-shifted will be obscured, resulting an apparent blueshifting of the red component, as is occasionally seen in some of our sources and in other studies (Spoon & Holt,
2009). For example, the blue [Ne V]λ3426 component may be emitted from a portion of
the NLR on the observer’s side which is closest to the central source and moving at the
greatest velocity (e.g. white dots in Figure 5.12), while the red [Ne V]λ3426 component is
from a portion which is further from the central source (e.g. grey dots in Figure 5.12). We
did find in Section 5.6.2 evidence for a mild positive correlation between the red line offsets
and the quasar Eddington ratio. This suggests that, while the red system tends to represent
the ‘classical’ NLR, it is still effected by the radiation pressure since it must originate close
enough to the central source where the ionizing flux is sufficient. Additionally, Figures 6.5B
and 6.5C show that there is some evidence for stratification of the red systems (though much
less significant than for the blue systems).
5.8.2

Implications for Dual AGN at High-Redshift
It is possible that some of the sources in our sample may host two SMBHs following

a galaxy merger. In this case, the double-peaks may be from two distinct NLRs that each
accompanies its own active SMBH, or perhaps two NLR peaks are influenced by the orbital
motion of two SMBHs (Blecha et al., 2012). So far there are only a handful of known plausible
merger remnants hosting two AGN at redshifts comparable to our sample: z ∼ 0.709 (Gerke
et al., 2007), z ∼ 0.78 (Comerford et al., 2009b), and z ∼ 1.175 (Barrows et al., 2012). Since
galaxy mergers were more frequent at higher redshifts, we would like to investigate the dual
AGN scenario for the sources in our sample.
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5.8.2.1

Sources with No Apparent Ionization Stratification

The two [O III]-selected confirmed dual AGN for which we measured double peaks
in [Ne V]λ3426 and [Ne III]λ3869 are consistent with no apparent ionization stratification
(Figure 6.5). Additionally, there is only one candidate dual AGN identified through the
double-peaked profile of [Ne V]λ3426 and [Ne III]λ3869, and it is also consistent with no
apparent ionization stratification (Barrows et al., 2012). In these sources, the evidence for
outflowing NLR material is less compelling, and the line-splitting may instead be produced
by orbital motion of two AGN about each other. Likewise, the 40% percent of our sources
plotted in Figure 6.5 with no apparent ionization stratification may include cases where the
double-peaks are the result of two SMBHs following a galaxy merger. Additionally, we see
explicit double [O II]λ3727 peaks for a subset (11) of our sources which perhaps suggests
that the outflow scenario is less likely in these sources since [O II]λ3727 should originate at
a greater distance from the central AGN, as mentioned in Section 5.8.1.
We note, however, that the lack of an apparent ionization stratification does not
preclude the possibility of an outflow, or general gas kinematic origin of the double-peaked
emission lines. For example, the two extended NLR AGN from Fu et al. (2012) have no
measurable ionization stratification but the double emission components are known to be
produced by the NLR around a single AGN based on integral-field spectroscopy and highresolution imaging. Conversely, a stratified NLR (or two stratified NLRs) does not preclude
the presence of two AGN. For example, as discussed in Section 5.6.3, our measurement of
[Ne V]/[Ne III]λ3869 in the confirmed dual AGN SDSS J150243.1+111557 shows some
evidence for a stratification.
5.8.2.2

Dual AGN with Large Velocities

As is evident from Figure 5.7 and discussed in Section 5.5, the velocity-splittings
in our sample are generally larger than those from [O III]-selected samples, which might
tend to select against likely dual AGN candidates at kpc-scale separations since they would
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not be bound to the merging galaxy system with such large velocities. Most strong dual
AGN candidates have ∆V s less than 500 km s−1 : ∆V = 150 km s−1 (Comerford et al.,
2009a; Civano et al., 2010), ∆V = 500 km s−1 (Xu & Komossa, 2009), ∆V = 350 km s−1
(Comerford et al., 2011), and ∆V = 420 km s−1 (McGurk et al., 2011; Fu et al., 2012).
However, there are several candidates with velocities > 500 km s−1 : ∆V = 630 km
s−1 (Gerke et al., 2007) and ∆V = 700 km s−1 (Barrows et al., 2012). Additionally, the dual
AGN hypothesis could be allowed for larger ∆V s if the AGN pairs are at small separations.
For example, Blecha et al. (2012) find in their simulations that large ∆V s (> 500 km s−1 )
are often associated with dual AGN at sub-kpc separations during pericentric passages. For
comparison, 23% of our sample have ∆V < 500 km s−1 , 45% have 500 < ∆V < 800 km
s−1 , and 32% have ∆V > 800 km s−1 , with a maximum of ∆V = 1665 km s−1 . Therefore,
though a fraction of our sample exhibit ∆V s higher than expected for dual AGN, 2/3 fall
in the range expected for either kpc or sub-kpc separation AGN pairs. We note that recent
numerical simulations suggest dual activation of the SMBHs following a galaxy merger is
most likely to occur at separations smaller than 1-10 kpc (Van Wassenhove et al., 2012).
Therefore, under this picture of dual activation, the correlation between Eddington ratio
and line-splitting seen in Figure 5.9 would naturally emerge for a sample of dual AGN.
As discussed in Section 5.4, for dual AGN with sufficiently large orbital velocities
the broad emission line profiles may be significantly broader than expected if both components are Type 1 AGN. To test for such additional broadening, we have compared the
Mg IIλ2800 FWHMs with those of Fe II, but find no evidence for systematically broadened
Mg IIλ2800 compared to Fe II. Furthermore, a K-S test does not indicate a significant difference between the Mg IIλ2800 FWHM distribution of our sample and that of the parent
sample. However, we note that the mean F W HMMgII value for our sample (4740 km s−1 ) is
slightly larger than that of the parent sample (4580 km s−1 ) which is perhaps suggestive of
additional Mg IIλ2800 broadening.
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5.8.2.3

Testing the Dynamical Argument

In Section 5.6.4 we tested a dynamical argument for the presence of dual AGN in
our sample. The results are generally consistent with the theoretical expectation for a
binary, Keplerian orbit (Figure 5.11). However, to understand the extent to which we can
interpret this result, we must also strongly consider the role of alternative physical scenarios
in producing such a correlation.
First, we note that for both [Ne V]λ3426 and [Ne III]λ3869, based on the Spearman
rank test, the comparison sample shows slightly stronger correlations than for our sample.
If this is an indication that the comparison sample shows stronger evidence for dual AGN,
it would be consistent with the notion that larger velocity-splittings are less likely to be
associated with dual AGN since our sample has larger velocity-splittings than the comparison
sample.
Second, it is worth noting that the coefficients for the best-fit linear relations of
[Ne V]λ3426 and [Ne III]λ3869 are in disagreement. This is consistent with the correlation
being produced by outflows (or at least some of the sources experiencing outflows) since
the red component of [Ne III]λ3869 would originate at a greater distance from the observer
(compared to the red [Ne V]λ3426 component) and therefore be even more obscured relative
to the blue component (Figure 5.12). In this case, the Lb /Lr ratio should be even larger for
[Ne III]λ3869, making the slope shallower as observed.
However, it is possible that if our sample contains some combination of outflows
and dual AGN then the outflows are responsible for deviations from the theoretical binary
relation. For example, as discussed in Section 5.6.4 many of the sources at the low Lb /Lr ,
high Vb /Vr portion of Figure 5.11 are offset above the theoretical relation. These sources
may be more likely to represent outflows since they are trending in the same direction as the
outflow relation. Additionally, they have large Vb /Vr ratios because the red component is
near the systemic redshift, consistent with attenuation of the redshifted outflow component.
Lastly, the Lb /Lr ratios are smaller, indicating that the red component is stronger, and the
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blue component is a lower luminosity, extended wing as is often seen in outflows and is seen a
few of our sources. If these deviant sources are most likely to be outflows, then the remainder
would be more consistent with the theoretical relation. Additionally, the remainder would
have a Lb /Lr distribution consistent with )b,r = 1, similar to the result of Wang et al. (2009).
We note that an additional source of scatter in the correlation could be due to stochastic accretion, such that the luminosity ratio does not accurately reflect the true mass ratio.
This effect could be particularly significant when the SMBHs are at larger separations when
gas is less efficiently funneled to the nuclear regions. Interestingly, at z = 0.8 − 1.6, the 3”
fiber diameter of the SDSS spectrograph corresponds to ∼22-25 kpc, so that our sample may
contain such early-stage mergers.
5.8.2.4

Estimating the Fraction of Dual AGN in Our Sample

While the completeness of our selection process as discussed in Section 5.5 suggests
that there is a significant number of double-peaked emitters that we have missed, especially
at small ∆V s, we can not correct for the true number since we do not know the shape of the
underlying distribution. However, at the least we can use our [O III]-selected comparison
sample to estimate what fraction of [O III]λ5007 double-peaked emitters that we missed
based on selection through [Ne V]λ3426 or [Ne III]λ3869. Of the 57 Type 1 AGN from
(Smith et al., 2010), we could reliably measure double [Ne III]λ3869 peaks for 67% (we note
that this fraction is consistent with the comparison between our completeness estimates and
those of Liu et al. (2010) in Section 5.5.2). Based on this fraction, we arrive at a corrected
number of 195 double-peaked [O III]λ5007 sources and a double-peaked [O III]λ5007 AGN
fraction of ∼ 0.5% at 0.8 < z < 1.6. This fraction is likely to be a lower estimate because
the double-peaked [Ne V]λ3426 and [Ne III]λ3869 lines of the [O III]-selected sample were
not selected in exactly the same way (i.e. we had a prior knowledge of the double-peaked
separation). Therefore, the double-peaked [O III]λ5007 AGN fraction at 0.8 < z < 1.6 is
likely to be larger, potentially making it consistent with the fraction of ∼ 1% found by Liu
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et al. (2010) at z < 0.8.
To actually estimate the expected fraction of dual AGN in our sample we need the true
fractions of double-peaked AGN and of dual AGN out of all AGN at 0.8 < z < 1.6, neither
of which are known. However, we may make several reasonable assumptions that provide
a rough estimate. First, in order to determine the true fraction of double-peaked AGN out
of all AGN at 0.8 < z < 1.6, we need to correct for both our selection incompleteness and
random projection effects. This fraction was estimated by Shen et al. (2011a) in which they
determined that the fraction of detectable double-peaked [O III]λ5007 AGN is only 20% of
the actual number of AGN with double [O III]λ5007 components. Correcting our estimated
double-peaked [O III]λ5007 fraction of 0.5% yields a ‘true’ double [O III]λ5007 fraction of
∼2.5% at 0.8 < z < 1.6. The influence of inclination and phase angle for selection of dual
AGN through double-peaked emission line profiles was also investigated by Wang & Zhou
(2012) in which they found that, at a phase angle of φ ≈ 50◦ , we miss at least 50% of all AGN
with double emission components. We note that this 50% correction is a lower limit since it
does not account for instrumental resolution, and that applying additional corrections based
on our completeness estimates would likely make the correction estimated in this manner
similar to that of Shen et al. (2011a). Finally, if we take the dual AGN fraction at z = 1.2
to be ∼ 0.05% (Yu et al., 2011), then we estimate the fraction of dual AGN out of doublepeaked AGN at 0.8 < z < 1.6 to be 2%. This fraction is several times smaller than the
results of Fu et al. (2012) (4.5-12%) and Shen et al. (2011a) (∼ 10%) which were obtained
from follow-up observations of double-peaked [O III]λ5007 AGN. However, the difference
can be attributed, at least in part, to the small expected number of dual AGN at z = 1.2
estimated by Yu et al. (2011) which is due to the redshift evolution of galaxy morphology
in their analysis which yields more late-type galaxies with smaller initial SMBH masses at
higher redshift.
A direct test of this through follow-up observations is therefore crucial in understanding the frequency of galaxy mergers at redshifts z > 0.8 and their role in AGN triggering.
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For example, NIR spectroscopy will be capable of accessing the redshifted [O III]λ5007 emission line for sources in our sample, allowing for a direct comparison with the z < 0.8
samples of double-peaked AGN. This was done with the z = 1.175 dual AGN candidate
CXOXBJ142607.6+353351 in Barrows et al. (2012) which was initially selected through
double-peaked [Ne V]/[Ne III] but for which follow-up NIR spectroscopy provided access to
[O III]λ5007. The additional spatial information of [O III]λ5007 provided by 2D longslit
spectroscopy would enable one to determine if any of these sources are strong dual AGN
candidates. Follow-up high-resolution imaging, such as radio observations, would be capable
of resolving the two AGN cores, if present.
5.9

Conclusions
We have compiled a sample of 131 quasars at z = 0.8 − 1.6 which show double

emission line components in either of the high-ionization narrow lines [Ne V]λ3426 and
[Ne III]λ3869. The purpose of this search was to identify high-redshift analogs of the
double-peaked [O III]λ5007 sources found in several previous studies. Those double-peaked
[O III]λ5007 sources are believed to represent complex gas kinematics, large-scale outflows,
or in a few cases dual AGN. Given the increased frequency of galaxy mergers at higher
redshifts and their importance in models of galaxy evolution, we have investigated these
phenomena at higher redshifts using our sample, with the following conclusions:
◦ There is a clear bias towards selecting double-peaks with large velocity-splittings. This
bias was made apparent by our comparison of the velocity-offsets of the blue and red
components in our sample to those of [O III]-selected samples, and it is corroborated by
the results of our completeness simulations. This selection bias is not surprising, and it
is imposed by the relatively weaker intensities of [Ne V]λ3426 and [Ne III]λ3869 compared to [O III]λ5007.
◦ We have found two results suggesting that both the blue and red systems are influenced
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by kinematics in the NLR. First, the line-widths of both the blue and red components
are strongly correlated with the line-splittings, suggesting a common origin. Second,
we find that the individual offsets for both the ‘blue’ and ‘red’ systems are positively
correlated with the quasar Eddington ratio, suggesting that the SMBH accretion rate
and therefore the radiation pressure is responsible for driving the line-offsets in the
blueward direction for both line components.
◦ We find evidence suggesting that the observed kinematics are strongest in the blue
systems. This is suggested because the blue systems’ have larger velocity shifts from
the quasar redshift, those velocity offsets show the strongest correlations with the Eddington ratio, and the blue systems show the highest degree of ionization stratification.
This further suggests that the red outflowing components are generally more obscured.
◦ We have found that a significant fraction (∼ 23%) are radio loud, compared to the
10% radio loud fraction of the parent sample.
Taken together, the previous conclusions paint a picture in which the blue systems
originate in a portion of the NLR much closer to the AGN where they are accelerated
by the accretion disk radiation pressure or radio jets to high velocities. This explains the
large blueshifts, the stronger correlation with Eddington ratio and the pronounced ionization
stratification. The red system originates further from the AGN where it is not accelerated
to the high velocities of the blue system but is nevertheless close enough so it’s bulk velocity
offset is also influenced by the AGN radiation pressure. This explains the smaller velocity
offsets, the much weaker correlation with Eddington ratio, and the relatively less pronounced
ionization stratification compared to the blue systems. A generalized schematic of this
scenario in Figure 5.12. The enhanced radio loud fraction relative to the parent sample also
suggests that radio jets may be another mechanism which is capable of accelerating the NLR
clouds to produce the line offsets. This sample can be used to study outflows from luminous
AGN at relatively high redshifts when AGN feedback may have been an important factor in
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the growth of massive galaxies.
There are several interesting results which leave open the possibility for dual AGN in
the sample. In particular, several of our correlations can be thought of as consistent with
the dual AGN scenario, and even suggest that the sample is likely to include dual AGN:

◦ The correlation between velocity-splitting and Eddington ratio, while consistent with
the picture of radiatively-driven outflows, could plausibly be consistent with orbiting
SMBH pairs in which enhanced accretion is more likely to occur at smaller separations
where the SMBH orbital velocities will be largest.
◦ We have found that a subset of our sample (40%) are consistent with no measurable
ionization stratification between [Ne V]λ3426 and [Ne III]λ3869, similar to other dual
AGN and strong candidate dual AGN.
◦ We have found that our sample shows a correlation between the velocity-offset ratio
and the luminosity ratio of the blue and red components. This correlation is broadly
consistent with the theoretical expectation for a binary, Keplerian orbit, though our
sample seems to be systematically offset above the relation. We have shown how this
deviation could be produced in a sample which includes a combination of AGN outflows and dual AGN.

◦ We have estimated the fraction of dual AGN out of double-peaked AGN that we expect
at 0.8 < z < 1.6, finding a fraction (2%) which is smaller than that estimated at lower
redshifts. However, we caution that a significant - and perhaps the primary - reason
for this lower fraction is the small estimated number of high redshift dual AGN that
we adopt.
Follow-up NIR observations to access the [O III]λ5007 line in our sources would allow
for a direct comparison with the [O III]λ5007 velocity and spatial profiles of the z < 0.80
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samples, allowing for a more robust assessment of the origin of the double-peaks in the highionization narrow emission lines. Therefore, this sample represents an initial step toward
extending the study of double-peaked emission line AGN to higher redshifts.
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145

146
814 ± 11
1583 ± 44
371 ± 27
1148 ± 53
393 ± 55
903 ± 116
834 ± 65
439 ± 201
220 ± 39
611 ± 326
1670 ± 102

17.1 ± 2
11.9 ± 3
10.3 ± 3
9.6 ± 3
5.1 ± 3
29.2 ± 10
19.3 ± 8
22.7 ± 17
31.1 ± 5
45.9 ± 42
62.4 ± 16

J081409.21+323731.9

J081921.79+444854.4

J082352.90+203700.7

J082908.30+332150.8

J085118.18+070048.5

J085147.00+073053.7

J085432.74+354650.8

J085602.95+503119.9

J085850.00+255146.0

J090916.08+163522.5

J092620.48+324319.9
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202 ± 62

19.5 ± 6

J081017.41+334745.5

198 ± 34

9.9 ± 5

J074242.18+374402.0*

1827 ± 37

589 ± 81

10.8 ± 4

J073408.62+411901.1

9.3 ± 2

690 ± 270

149.1 ± 100

J035230.55−071102.3

J081006.90+145333.2

746 ± 73

23.8 ± 6

J034222.54−055727.9

230 ± 169

871 ± 35

16.4 ± 4

J021703.10−091031.1

1070 ± 327

930 ± 35

7.0 ± 2

J021648.36−092534.3

38.9 ± 22

504 ± 49

28.3 ± 8

J015325.74+145233.4

22.2 ± 15

959 ± 55

4.7 ± 2

J014933.86+143142.6

J080849.23+400918.7

334 ± 124

5.4 ± 4

J003159.87+063518.8

J074641.70+352645.6

∆V b

Fλ a

SDSS Name

Blue

697 ± 236

856 ± 732

528 ± 134

541 ± 267

460 ± 194

603 ± 153

134 ± 89

388 ± 137

173 ± 64

331 ± 97

215 ± 51

407 ± 126

319 ± 128

577 ± 353

1306 ± 476

236 ± 125

364 ± 214

933 ± 267

641 ± 206

364 ± 86

245 ± 50

403 ± 119

260 ± 97

457 ± 268

FWHMc

71.1 ± 17

28.5 ± 34

6.3 ± 2

18.5 ± 16

46.0 ± 8

36.6 ± 12

37.7 ± 7

39.1 ± 5

23.0 ± 4

58.6 ± 7

31.8 ± 5

25.2 ± 7

61.4 ± 6

37.7 ± 14

22.8 ± 21

10.3 ± 4

20.1 ± 5

244.1 ± 108

24.4 ± 6

28.0 ± 5

34.9 ± 5

33.9 ± 11

18.7 ± 4

6.9 ± 4

Fλ a

619 ± 96

63 ± 49

− 328 ± 46

92 ± 44

− 14 ± 67

289 ± 67

− 38 ± 63

160 ± 52

16 ± 38

347 ± 67

117 ± 42

− 309 ± 53

524 ± 49

− 427 ± 111

124 ± 254

− 116 ± 30

− 11 ± 68

− 15 ± 110

− 136 ± 83

155 ± 51

184 ± 41

− 176 ± 68

319 ± 57

− 128 ± 6

∆V b

Red

712 ± 241

405 ± 166

204 ± 72

276 ± 118

875 ± 174

538 ± 173

668 ± 133

931 ± 128

350 ± 74

1345 ± 164

574 ± 101

435 ± 127

1256 ± 143

602 ± 193

961 ± 373

209 ± 74

469 ± 151

788 ± 185

682 ± 176

671 ± 156

802 ± 131

585 ± 249

731 ± 209

465 ± 203

FWHMc

Table 5.1: Emission Line Properties for Double-peaked [Ne V]λ3426.

1.26 (57)

0.73 (44)

1.10 (55)

1.35 (46)

1.40 (61)

0.65 (55)

1.17 (45)

0.76 (63)

0.99 (77)

1.21 (89)

1.09 (85)

0.64 (35)

0.58 (92)

0.70 (63)

0.84 (58)

0.81 (33)

1.95 (35)

0.72 (79)

0.90 (85)

0.82 (30)

0.65 (43)

0.70 (32)

1.25 (42)

0.58 (10)

Reduced χ2 (dof)

147

547 ± 35
229 ± 53
1439 ± 177
732 ± 40
835 ± 68
112 ± 47
460 ± 62
404 ± 78
578 ± 57
614 ± 48
380 ± 68
367 ± 42
416 ± 122
260 ± 33
242 ± 79
1220 ± 13
585 ± 41
680 ± 87
357 ± 49
636 ± 91
981 ± 41
868 ± 155
924 ± 79
806 ± 106

8.7 ± 5
25.1 ± 7
33.1 ± 8
43.0 ± 6
25.4 ± 5
12.9 ± 3
14.2 ± 4
6.5 ± 4
14.7 ± 8
26.5 ± 15
31.8 ± 6
27.8 ± 5
71.2 ± 18
12.2 ± 3
24.0 ± 9
12.7 ± 5
12.9 ± 3
21.1 ± 6
18.0 ± 5
14.6 ± 6
18.4 ± 6
18.8 ± 17
11.6 ± 6
18.3 ± 5

J093036.24+383228.8

J094855.34+403944.6

J095015.77+230255.5

J095206.38+235245.2

J103651.66+065649.6

J104815.78+084034.7

J105021.18+602808.3

J105035.57+190544.2*

J105606.94+292849.7

J105817.90+195150.9

J111332.53+171002.5

J111645.29+301644.9

J112405.28+380418.5

J112439.72+002419.6

J113811.59+382119.5

J115129.37+382552.3

J115139.68+335541.4

J115436.80+142817.7

J115542.53+021411.0

J120542.23+064024.1

J120618.52+673426.3

J120853.62+170001.5

J121413.55+052254.3

J121418.43+263932.3
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∆V b

Fλ a

SDSS Name

Blue

709 ± 208

290 ± 112

279 ± 514

330 ± 110

364 ± 147

342 ± 119

692 ± 228

291 ± 95

227 ± 47

607 ± 332

273 ± 75

1583 ± 353

531 ± 124

865 ± 169

431 ± 171

337 ± 192

253 ± 98

422 ± 147

339 ± 96

742 ± 206

725 ± 114

1375 ± 330

358 ± 122

181 ± 102

FWHMc

18.6 ± 5

140.2 ± 23

39.0 ± 14

55.2 ± 13

25.5 ± 8

18.6 ± 5

20.2 ± 6

32.9 ± 5

100.5 ± 22

7.6 ± 5

7.3 ± 2

9.4 ± 6

11.2 ± 3

7.9 ± 3

102.8 ± 3

19.5 ± 10

14.1 ± 11

12.7 ± 3

10.3 ± 2

21.4 ± 4

12.7 ± 4

16.9 ± 7

27.8 ± 8

34.4 ± 9

Fλ a

Table 5.1 – Continued

29 ± 49

− 85 ± 60

97 ± 104

53 ± 101

102 ± 57

− 60 ± 33

− 213 ± 70

25 ± 33

243 ± 72

− 296 ± 82

− 92 ± 49

− 403 ± 61

− 209 ± 44

− 248 ± 53

34 ± 34

45 ± 102

− 30 ± 72

− 15 ± 35

− 582 ± 38

− 38 ± 61

17 ± 41

141 ± 144

− 254 ± 46

30 ± 95

∆V b

Red

462 ± 130

1353 ± 240

609 ± 354

1155 ± 323

402 ± 139

275 ± 98

606 ± 227

467 ± 84

1160 ± 256

271 ± 132

253 ± 100

343 ± 140

294 ± 88

330 ± 101

766 ± 63

578 ± 411

432 ± 233

263 ± 63

229 ± 102

585 ± 121

339 ± 135

798 ± 268

360 ± 131

770 ± 231

FWHMc

0.81 (61)

0.76 (66)

0.75 (60)

1.02 (56)

1.30 (48)

0.83 (33)

0.77 (62)

1.00 (62)

0.85 (54)

1.27 (59)

1.36 (72)

1.06 (65)

1.06 (78)

0.71 (55)

0.58 (34)

1.03 (59)

0.57 (55)

1.20 (42)

0.97 (62)

0.61 (78)

0.36 (35)

0.73 (89)

0.84 (49)

0.87 (60)

Reduced χ2 (dof)

148
2387 ± 75
592 ± 30
695 ± 48
259 ± 43
609 ± 30
188 ± 31
428 ± 29
512 ± 47
362 ± 35
1049 ± 145
543 ± 74

13.5 ± 3
19.0 ± 6
8.4 ± 3
44.7 ± 19
11.7 ± 5
38.3 ± 7
10.8 ± 3
8.4 ± 5
26.1 ± 4
12.1 ± 5
9.2 ± 9

J133823.15+261353.4

J134213.26+602142.9

J134812.78+663935.5

J135559.88+260039.0

J141044.87+010735.4

J143748.58+243906.3

J145103.23+114108.5

J145659.27+503805.4

J145855.01+115654.7

J150016.74+075852.0

J150222.10+000933.1
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879 ± 55

25.5 ± 7

J133815.17+343908.0

41 ± 57

20.3 ± 4

J131103.69+394703.9

1190 ± 279

1011 ± 73

17.5 ± 6

J130212.56+524119.2

42.2 ± 32

1035 ± 114

15.8 ± 6

J125939.54+140724.7

J132751.21+061751.5

1244 ± 63

26.0 ± 14

J124902.54+171454.8

944 ± 39

1290 ± 43

13.4 ± 4

J124519.96+072514.0

1445 ± 133

988 ± 88

42.3 ± 14

J124419.58+630453.6

28.3 ± 13

1045 ± 87

16.7 ± 5

J124030.18+441349.2

14.5 ± 3

1210 ± 162

43.0 ± 18

J123252.73+301523.4

J132719.41+614136.0

1268 ± 72

13.5 ± 4

J122014.17+122019.7

J131520.94+315921.7

∆V b

Fλ a

SDSS Name

Blue

309 ± 174

600 ± 198

492 ± 89

206 ± 186

213 ± 67

405 ± 105

211 ± 73

328 ± 114

282 ± 109

329 ± 84

644 ± 127

448 ± 182

1143 ± 950

376 ± 95

738 ± 367

652 ± 199

560 ± 274

629 ± 278

472 ± 141

291 ± 107

512 ± 176

641 ± 217

1212 ± 509

560 ± 242

FWHMc

24.8 ± 12

12.3 ± 5

21.0 ± 4

40.9 ± 7

28.3 ± 4

10.1 ± 4

23.8 ± 6

62.6 ± 15

22.9 ± 4

54.1 ± 12

67.3 ± 7

33.9 ± 8

58.7 ± 28

24.6 ± 4

73.7 ± 13

6.1 ± 2

18.6 ± 5

39.5 ± 9

91.5 ± 33

42.8 ± 8

79.0 ± 20

27.1 ± 5

55.7 ± 13

15.0 ± 4

Fλ a

Table 5.1 – Continued

67 ± 120

260 ± 162

− 274 ± 33

27 ± 42

− 21 ± 25

− 189 ± 31

232 ± 52

− 215 ± 47

− 6 ± 62

8 ± 61

721 ± 44

79 ± 80

148 ± 116

383 ± 31

161 ± 128

− 493 ± 28

88 ± 86

0 ± 65

200 ± 152

331 ± 84

100 ± 67

163 ± 87

9 ± 109

386 ± 86

∆V b

Red

641 ± 383

691 ± 324

411 ± 87

453 ± 87

372 ± 74

158 ± 71

434 ± 150

479 ± 127

668 ± 159

826 ± 167

1315 ± 132

674 ± 178

786 ± 203

464 ± 104

1274 ± 242

183 ± 48

591 ± 167

823 ± 229

1542 ± 571

1042 ± 224

760 ± 254

807 ± 153

1034 ± 208

621 ± 206

FWHMc

1.07 (56)

1.15 (78)

0.75 (36)

1.19 (83)

1.25 (54)

1.15 (55)

0.49 (56)

0.78 (60)

0.85 (60)

0.67 (23)

0.53 (73)

1.44 (58)

0.66 (34)

0.48 (23)

0.48 (73)

0.58 (54)

0.87 (46)

1.02 (46)

0.52 (69)

0.90 (58)

0.88 (67)

0.45 (63)

0.73 (68)

0.58 (61)

Reduced χ2 (dof)

149

230 ± 29
78 ± 46
692 ± 96
129 ± 44
429 ± 54
1581 ± 106
801 ± 37
849 ± 111

8.8 ± 4
38.8 ± 6
21.3 ± 12
24.2 ± 4
23.4 ± 9
40.1 ± 10
15.8 ± 4
15.6 ± 5

J150243.93+281739.9*

J150940.68+571811.8

J151230.31+593753.4

J151844.75+461855.1

J160325.52+521222.4

J160839.09+354226.5

J184044.99+404237.0

J210225.32−004841.8

662 ± 236

309 ± 94

839 ± 222

344 ± 143

505 ± 99

540 ± 160

658 ± 152

152 ± 54

FWHMc

26.9 ± 4

64.3 ± 7

123.3 ± 13

71.3 ± 9

13.2 ± 3

74.8 ± 15

14.9 ± 4

16.3 ± 5

Fλ a

60 ± 32

− 102 ± 33

229 ± 41

− 34 ± 27

− 483 ± 44

10 ± 67

− 610 ± 42

− 20 ± 19

∆V b

Red

428 ± 81

709 ± 87

998 ± 112

417 ± 55

330 ± 77

817 ± 183

293 ± 90

169 ± 48

FWHMc

0.87 (41)

1.20 (59)

0.71 (68)

1.05 (62)

0.75 (56)

1.10 (77)

0.91 (65)

0.59 (48)

Reduced χ2 (dof)

Note: All errors correspond to 1σ uncertainties. * denotes that a broad component was necessary.
a
Flux densities, Fλ , are in units of 10−17 erg s−1 Å−1 .
b
∆V is velocity offset from the quasar redshift in km s−1 .
c
FWHM are the observed line widths in units of km s−1 .

∆V b

Fλ a

SDSS Name

Blue

Table 5.1 – Continued

150
− 47 ± 221
1143 ± 45
209 ± 136
593 ± 270
1015 ± 81
303 ± 43
444 ± 59
267 ± 55
183 ± 119
626 ± 63
18 ± 57
410 ± 23

57.1 ± 35
36.4 ± 8
19.6 ± 9
63.0 ± 48
12.3 ± 8
12.7 ± 4
14.4 ± 5
14.0 ± 2
22.4 ± 8
15.0 ± 4
55.5 ± 9
4.7 ± 2

J080849.23+400918.7

J081006.90+145333.2

J081043.21+234807.4

J081735.07+223717.7

J081921.79+444854.4

J082732.26+141322.1

J083624.96+504248.5

J084428.51+014818.7

J084608.82+520600.7

J084624.23+581654.4

J085006.92+123400.4

J085205.91+183922.2*
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398 ± 166

26.8 ± 11

480 ± 0

28.8 ± 9

J034222.54−055727.9

J074341.97+245958.2

1462 ± 157

51.4 ± 17

J023234.33−091053.0

322 ± 42

538 ± 27

8.9 ± 2

J021648.36−092534.3

382 ± 68

806 ± 50

17.1 ± 5

J015734.24+003405.5

10.8 ± 6

883 ± 78

37.8 ± 15

J014822.62+132142.7

120.0 ± 42

215 ± 31

9.3 ± 2

J004312.70+005605.0

J073408.62+411901.1

395 ± 74

7.8 ± 6

J004305.92−004637.6

J035230.55−071102.3

446 ± 139

6.2 ± 11

146 ± 53

28.0 ± 7

J000531.41+001455.9

J003159.87+063518.8

∆V b

Fλ a

SDSS Name

Blue

117 ± 55

821 ± 159

479 ± 159

655 ± 234

507 ± 104

306 ± 142

258 ± 114

430 ± 206

694 ± 374

508 ± 244

617 ± 146

712 ± 319

730 ± 203

204 ± 89

433 ± 135

925 ± 302

1565 ± 506

185 ± 50

260 ± 93

1048 ± 438

215 ± 65

236 ± 276

223 ± 278

372 ± 125

FWHMc

5.5 ± 2

22.0 ± 5

27.3 ± 4

36.5 ± 8

13.4 ± 2

24.6 ± 5

10.9 ± 4

84.9 ± 19

98.8 ± 50

28.9 ± 9

53.6 ± 10

36.7 ± 32

18.7 ± 12

24.6 ± 7

201.2 ± 40

58.4 ± 7

34.4 ± 10

35.8 ± 5

70.6 ± 12

27.6 ± 6

16.6 ± 2

9.5 ± 6

18.1 ± 12

11.2 ± 5

Fλ a

39 ± 25

− 831 ± 41

− 157 ± 76

− 643 ± 81

− 325 ± 31

− 94 ± 42

− 104 ± 48

95 ± 75

− 11 ± 96

− 372 ± 83

− 56 ± 67

− 470 ± 38

− 346 ± 185

− 27 ± 49

− 70 ± 33

− 323 ± 37

31 ± 151

− 4 ± 36

− 69 ± 42

− 376 ± 102

− 140 ± 13

111 ± 55

61 ± 232

− 179 ± 32

∆V b

Red

135 ± 54

338 ± 82

733 ± 279

669 ± 147

326 ± 60

334 ± 88

256 ± 141

1205 ± 225

521 ± 165

396 ± 122

988 ± 212

326 ± 153

661 ± 362

367 ± 143

379 ± 57

656 ± 81

1121 ± 238

546 ± 95

672 ± 131

779 ± 149

212 ± 24

209 ± 151

560 ± 274

125 ± 49

FWHMc

Table 5.2: Emission Line Properties for Double-peaked [Ne III]λ3869.

0.78 (34)

0.81 (67)

0.98 (75)

1.91 (77)

0.89 (73)

0.98 (28)

1.08 (66)

1.28 (33)

1.62 (69)

1.90 (41)

1.13 (43)

1.09 (53)

0.94 (47)

0.58 (25)

0.95 (32)

1.09 (78)

0.73 (66)

1.06 (24)

1.05 (37)

0.83 (47)

1.32 (33)

1.20 (32)

2.07 (31)

2.15 (30)

Reduced χ2 (dof)

151

382 ± 36
327 ± 88
214 ± 46
399 ± 226
560 ± 206
432 ± 13
1157 ± 158
553 ± 45
374 ± 104
532 ± 64
474 ± 75
409 ± 72
1083 ± 69
285 ± 41
362 ± 44
219 ± 65
483 ± 19
344 ± 28
340 ± 24
264 ± 51
423 ± 54
427 ± 130
298 ± 68
150 ± 92

16.0 ± 9
15.0 ± 5
57.3 ± 10
15.2 ± 18
45.8 ± 30
11.9 ± 3
40.2 ± 13
31.7 ± 7
26.2 ± 9
15.2 ± 7
20.1 ± 13
12.1 ± 18
5.7 ± 2
12.2 ± 3
13.5 ± 5
8.1 ± 3
20.2 ± 4
14.9 ± 4
6.1 ± 3
8.8 ± 3
17.1 ± 5
13.1 ± 8
15.0 ± 6
17.2 ± 22

J085432.74+354650.8

J085602.95+503119.9

J085850.00+255146.0

J090225.61+083042.7

J090916.08+163522.5

J093036.24+383228.8

J095015.77+230255.5

J095206.38+235245.2

J095207.47+213510.2

J095558.98+310943.0

J100155.02+173700.3

J100222.57+311211.8

J100225.33+313123.6

J100228.89+293226.5

J100716.24+070042.0

J101246.33+171419.0

J101648.99+041928.1

J102034.30+432740.9

J102157.91+263823.9

J102507.44+423024.8

J103523.55+193017.7

J104755.02+120850.2

J105021.18+602808.3

J105035.57+190544.2*
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∆V b

Fλ a

SDSS Name

Blue

418 ± 329

277 ± 130

386 ± 213

365 ± 130

239 ± 106

130 ± 58

141 ± 116

186 ± 36

342 ± 134

177 ± 59

292 ± 84

447 ± 146

188 ± 217

250 ± 160

280 ± 90

652 ± 383

431 ± 105

1047 ± 439

89 ± 70

527 ± 232

504 ± 504

568 ± 111

476 ± 173

193 ± 107

FWHMc

14.5 ± 17

18.8 ± 6

34.1 ± 9

19.6 ± 5

42.5 ± 5

20.1 ± 5

20.2 ± 6

32.9 ± 5

18.2 ± 4

38.5 ± 8

23.8 ± 4

22.9 ± 4

62.9 ± 30

31.9 ± 15

61.3 ± 12

34.9 ± 2

20.3 ± 6

22.9 ± 13

51.7 ± 7

78.0 ± 32

42.2 ± 16

15.1 ± 6

8.2 ± 4

75.9 ± 14

Fλ a
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− 402 ± 81

23 ± 22

− 107 ± 67

− 109 ± 52

− 242 ± 25

− 100 ± 70

8 ± 47

112 ± 23

− 473 ± 88

7 ± 31

− 235 ± 30

− 39 ± 59

− 124 ± 170

59 ± 92

23 ± 36

− 300 ± 9

65 ± 42

− 95 ± 96

− 8 ± 33

35 ± 86

− 139 ± 92

− 391 ± 55

− 44 ± 37

− 146 ± 48

∆V b

Red

363 ± 329

150 ± 43

477 ± 160

374 ± 108

417 ± 63

537 ± 180

297 ± 116

304 ± 73

708 ± 211

312 ± 101

368 ± 83

945 ± 140

758 ± 474

391 ± 216

501 ± 134

434 ± 59

302 ± 81

444 ± 464

484 ± 79

472 ± 143

536 ± 86

274 ± 99

218 ± 77

604 ± 155

FWHMc

0.98 (51)

0.86 (65)

1.27 (75)

1.20 (74)

0.72 (64)

0.58 (70)

1.07 (63)

0.76 (66)

0.71 (66)

0.87 (41)

1.14 (74)

0.98 (36)

0.72 (62)

1.98 (64)

1.42 (63)

0.61 (29)

1.05 (68)

0.95 (77)

0.91 (70)

1.10 (64)

1.04 (72)

1.27 (66)

1.05 (71)

1.26 (66)

Reduced χ2 (dof)

152
425 ± 59
322 ± 125
130 ± 31
611 ± 56
452 ± 177
476 ± 135
614 ± 74
747 ± 235
776 ± 121
705 ± 94
975 ± 101

23.1 ± 7
63.4 ± 34
38.6 ± 7
17.4 ± 6
17.7 ± 14
23.8 ± 22
82.0 ± 34
42.3 ± 28
10.1 ± 4
14.9 ± 5
17.3 ± 6

J120112.97+130153.3

J121413.55+052254.3

J122059.90+683226.0

J122920.19+045806.6

J123252.73+301523.4

J124302.16+191127.3

J124410.82+172104.5

J124902.54+171454.8

J124926.52+092237.9

J125939.54+140724.7

J130507.52+223644.1
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516 ± 63

5.3 ± 2

J115139.68+335541.4

441 ± 49

18.6 ± 8

J112507.36+375119.6

708 ± 81

196 ± 85

17.9 ± 8

J112439.72+002419.6

25.1 ± 13

540 ± 27

7.6 ± 2

J112357.74+662255.6

J115129.37+382552.3

120 ± 61

58.3 ± 13

J112317.51+051804.0

548 ± 63

532 ± 58

9.5 ± 7

J111852.51+045353.5

1289 ± 73

233 ± 161

15.3 ± 13

J111332.53+171002.5

9.8 ± 4

324 ± 52

16.7 ± 6

J110907.57+414324.6

31.4 ± 6

179 ± 37

13.5 ± 12

J105634.56+121023.5*

J115111.51+050528.7

401 ± 54

15.2 ± 4

J105606.94+292849.7

J114744.61+331339.5

∆V b

Fλ a

SDSS Name

Blue

625 ± 277

561 ± 199

612 ± 255

862 ± 401

415 ± 173

325 ± 472

597 ± 491

322 ± 153

332 ± 58

620 ± 244

404 ± 143

278 ± 101

333 ± 196

660 ± 116

340 ± 108

296 ± 144

306 ± 150

215 ± 59

739 ± 201

267 ± 185

401 ± 254

310 ± 155

99 ± 166

372 ± 159

FWHMc

29.8 ± 8

27.2 ± 6

14.7 ± 4

38.1 ± 26

242.4 ± 42

27.0 ± 19

32.0 ± 13

20.5 ± 6

35.7 ± 6

138.8 ± 31

33.9 ± 8

21.0 ± 3

122.5 ± 21

47.5 ± 8

41.0 ± 6

44.4 ± 11

13.7 ± 8

27.1 ± 4

13.6 ± 5

58.1 ± 11

20.8 ± 13

47.1 ± 4

35.4 ± 32

14.0 ± 4

Fλ a
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88 ± 68

− 96 ± 69

− 173 ± 100

− 10 ± 209

− 84 ± 50

− 11 ± 160

− 275 ± 124

130 ± 47

− 241 ± 15

− 349 ± 72

− 95 ± 48

− 3 ± 20

− 49 ± 44

226 ± 59

− 100 ± 46

− 132 ± 60

− 231 ± 115

− 83 ± 44

− 380 ± 12

− 52 ± 47

− 254 ± 159

− 203 ± 26

− 144 ± 59

− 202 ± 56

∆V b

Red

742 ± 277

678 ± 172

688 ± 239

773 ± 279

634 ± 120

361 ± 248

619 ± 258

316 ± 132

196 ± 49

678 ± 111

437 ± 109

317 ± 56

625 ± 118

862 ± 181

725 ± 138

590 ± 177

314 ± 229

670 ± 129

186 ± 71

684 ± 188

476 ± 237

466 ± 57

350 ± 164

386 ± 112

FWHMc

0.87 (78)

0.91 (78)

2.46 (75)

0.47 (47)

1.52 (60)

2.33 (24)

1.12 (73)

1.27 (72)

1.05 (18)

0.54 (37)

1.04 (62)

0.85 (73)

1.05 (47)

0.59 (55)

0.89 (74)

0.70 (60)

1.51 (65)

1.44 (75)

0.62 (66)

1.08 (56)

1.24 (48)

0.74 (54)

1.76 (50)

1.05 (72)

Reduced χ2 (dof)

153

500 ± 156
536 ± 87
795 ± 68
274 ± 32
875 ± 71
216 ± 43
603 ± 62
486 ± 72
412 ± 58
628 ± 70
192 ± 37
373 ± 49
469 ± 169
108 ± 62
43 ± 32
549 ± 120

76.9 ± 31
16.0 ± 11
13.0 ± 5
23.9 ± 12
15.0 ± 5
28.0 ± 11
31.6 ± 11
43.3 ± 13
11.3 ± 5
16.1 ± 7
9.1 ± 7
19.0 ± 10
38.4 ± 16
18.8 ± 10
20.4 ± 4
14.8 ± 5

J132751.21+061751.5

J134213.26+602142.9

J134812.78+663935.5

J135559.88+260039.0

J135645.52+405952.0

J141737.36+215313.8

J142242.49+041439.1

J142749.36+532508.9

J145103.23+114108.5

J145138.82+084740.8

J145659.27+503805.4*

J145855.01+115654.7

J150222.10+000933.1

J150243.93+281739.9

J150940.68+571811.8

J210225.32−004841.8

526 ± 177

350 ± 41

193 ± 115

754 ± 290

198 ± 67

145 ± 77

336 ± 171

204 ± 71

495 ± 180

499 ± 209

360 ± 239

491 ± 218

227 ± 75

336 ± 121

416 ± 318

1106 ± 377

365 ± 186

FWHMc

Note: All labels are the same as in Table 5.1.

577 ± 66

32.1 ± 14

J132719.41+614136.0

∆V b

Fλ a

SDSS Name

Blue

22.7 ± 5

8.9 ± 7

18.9 ± 9

18.6 ± 13

44.9 ± 14

34.6 ± 42

40.8 ± 8

24.1 ± 6

22.2 ± 12

56.7 ± 10

11.7 ± 8

45.5 ± 8

128.3 ± 13

37.2 ± 8

46.9 ± 10

29.5 ± 16

21.4 ± 12

Fλ a
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31 ± 31

− 382 ± 33

− 140 ± 54

− 157 ± 116

− 39 ± 75

− 92 ± 58

73 ± 45

− 80 ± 44

− 46 ± 73

− 70 ± 40

− 114 ± 38

− 173 ± 50

− 98 ± 23

61 ± 75

− 65 ± 53

− 286 ± 93

202 ± 59

∆V b

Red

292 ± 61

311 ± 317

175 ± 76

402 ± 183

497 ± 160

383 ± 194

448 ± 116

240 ± 70

352 ± 193

504 ± 83

178 ± 79

816 ± 169

489 ± 56

731 ± 199

526 ± 100

439 ± 149

250 ± 129

FWHMc

0.67 (52)

1.14 (73)

2.17 (28)

1.62 (69)

1.72 (21)

1.12 (51)

0.95 (64)

1.65 (64)

1.64 (22)

0.54 (23)

0.98 (32)

1.02 (42)

1.26 (53)

1.24 (72)

0.54 (22)

1.68 (33)

1.21 (17)

Reduced χ2 (dof)

154
0.8452 ± 0.0013
0.9798 ± 0.0017
0.9074 ± 0.0015
0.8914 ± 0.0030

0.8438 ± 0.0012
0.9819 ± 0.0012
0.9067 ± 0.0013
0.8932 ± 0.0013

J081409.21+323731.9
J081735.07+223717.7
J081921.79+444854.4
J082352.90+203700.7
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0.9598 ± 0.0037

0.9623 ± 0.0009

J081043.21+234807.4

0.8068 ± 0.0016

0.8057 ± 0.0011

J074242.18+374402.0

0.8958 ± 0.0018

1.0616 ± 0.0013

1.0618 ± 0.0012

J073408.62+411901.1

0.8948 ± 0.0016

0.9637 ± 0.0013

0.9651 ± 0.0013

J035230.55−071102.3

J081017.41+334745.5

0.8808 ± 0.0017

0.8817 ± 0.0016

J034222.54−055727.9

0.8797 ± 0.0015

0.8480 ± 0.0016

0.8496 ± 0.0016

J023234.33−091053.0

0.8786 ± 0.0014

0.8757 ± 0.0015

0.8752 ± 0.0013

J021703.10−091031.1

J081006.90+145333.2

0.8834 ± 0.0014

0.8834 ± 0.0013

J021648.36−092534.3

0.8563 ± 0.0021

1.0825 ± 0.0020

1.0834 ± 0.0013

J015734.24+003405.5

0.8608 ± 0.0020

1.1762 ± 0.0021

1.1755 ± 0.0020

J015325.74+145233.4

J080849.23+400918.7

0.9027 ± 0.0013

0.9024 ± 0.0013

J014933.86+143142.6

0.9218 ± 0.0015

0.8759 ± 0.0019

0.8767 ± 0.0018

J014822.62+132142.7

1.0591 ± 0.0017

0.9047 ± 0.0014

0.9036 ± 0.0010

J004312.70+005605.0

0.9233 ± 0.0013

0.8488 ± 0.0015

0.8482 ± 0.0015

J004305.92−004637.6

1.0581 ± 0.0016

1.0935 ± 0.0016

1.0921 ± 0.0010

J003159.87+063518.8

J074341.97+245958.2

0.9931 ± 0.0018

0.9918 ± 0.0009

J000531.41+001455.9

J074641.70+352645.6

zMgII

zSDSS

SDSS Name

6400

2600

8000

4300

7000

5500

3900

7200

2600

2100

4300

3300

2600

2300

8100

2700

2700

3300

5100

4500

8000

8500

8400

1000

9000

FWHMFeII a

6373.16 ± 661.95

2448.90 ± 303.85

5222.35 ± 534.86

4284.22 ± 287.30

3071.90 ± 1009.17

5746.87 ± 417.25

5671.45 ± 240.53

3991.79 ± 184.35

3520.47 ± 479.10

3286.72 ± 392.30

7027.32 ± 269.09

4341.91 ± 779.35

3344.10 ± 104.85

2445.19 ± 307.86

3329.45 ± 261.23

2598.31 ± 432.35

4288.12 ± 632.18

6846.37 ± 1636.32

5219.56 ± 553.29

2969.71 ± 244.58

6063.22 ± 134.05

6223.22 ± 283.39

2828.74 ± 247.77

2475.19 ± 1745.19

5424.76 ± 1192.59

FWHMMGII a,b

Table 5.3: General Quasar Properties for Our Sample.

0.068

0.374

0.149

0.128

0.231

0.116

0.171

0.102

0.340

0.136

0.091

0.086

0.409

0.082

0.169

0.289

0.119

0.109

0.202

0.172

0.146

0.105

0.094

0.085

0.109

fEdd c
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1.0630 ± 0.0014
1.1493 ± 0.0018
1.2276 ± 0.0010

1.0624 ± 0.0014
1.1490 ± 0.0015
1.2279 ± 0.0010

J100155.02+173700.3
J100222.57+311211.8
J100225.33+313123.6
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1.1208 ± 0.0014

1.1193 ± 0.0010

1.5338 ± 0.0014

1.5331 ± 0.0014

J092620.48+324319.9

J095558.98+310943.0

1.0727 ± 0.0016

1.0728 ± 0.0015

J090916.08+163522.5

0.9348 ± 0.0023

0.8613 ± 0.0017

0.8619 ± 0.0016

J090225.61+083042.7

0.9354 ± 0.0022

1.0325 ± 0.0018

1.0344 ± 0.0017

J085850.00+255146.0

J095207.47+213510.2

0.8352 ± 0.0012

0.8346 ± 0.0010

J085602.95+503119.9

0.9710 ± 0.0021

1.0535 ± 0.0015

1.0527 ± 0.0015

J085432.74+354650.8

0.9709 ± 0.0019

0.8408 ± 0.0016

0.8399 ± 0.0015

J085205.91+183922.2

J095206.38+235245.2

1.0638 ± 0.0019

1.0633 ± 0.0018

J085147.00+073053.7

1.0030 ± 0.0013

1.3991 ± 0.0015

1.3960 ± 0.0014

J085118.18+070048.5

1.0028 ± 0.0012

1.1366 ± 0.0015

1.1361 ± 0.0015

J085006.92+123400.4

J095015.77+230255.5

0.8654 ± 0.0017

0.8645 ± 0.0016

J084624.23+581654.4

1.2494 ± 0.0016

0.8521 ± 0.0022

0.8463 ± 0.0018

J084608.82+520600.7

0.8999 ± 0.0014

0.8741 ± 0.0038

0.8701 ± 0.0029

J084428.51+014818.7

0.8993 ± 0.0013

1.0533 ± 0.0013

1.0542 ± 0.0011

J083624.96+504248.5

1.2486 ± 0.0014

1.0441 ± 0.0019

1.0449 ± 0.0018

J082908.30+332150.8

J093036.24+383228.8

0.9613 ± 0.0015

0.9611 ± 0.0015

J082732.26+141322.1

J094855.34+403944.6

zMgII

zSDSS

SDSS Name

2600

7100

2700

1300

7100

4100

6400

6400

5500

4900

3900

3900

7100

1500

2700

5500

5400

8000

4300

8100

8900

1100

2700

2800

5500

FWHMFeII a
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3326.92 ± 222.87

4587.92 ± 1236.28

3194.75 ± 522.51

2635.46 ± 1098.24

5376.85 ± 246.25

4735.49 ± 508.35

2835.58 ± 255.47

4536.81 ± 839.71

5050.77 ± 247.20

3442.76 ± 321.26

5948.97 ± 298.60

3764.91 ± 341.06

5349.66 ± 460.86

3049.23 ± 730.04

4838.27 ± 475.45

6118.81 ± 347.74

5234.50 ± 631.75

6100.92 ± 1768.49

3849.32 ± 315.62

4727.25 ± 645.13

3263.47 ± 476.55

2972.49 ± 2346.37

2878.81 ± 407.79

2687.76 ± 1280.71

3240.77 ± 150.64

FWHMMGII a,b

0.144

0.155

0.205

0.258

0.189

0.255

0.233

0.296

0.181

0.207

0.196

0.184

0.075

0.287

0.256

0.073

0.254

0.048

0.177

0.208

0.254

0.026

0.265

0.129

0.240

fEdd c

156

0.8008 ± 0.0015
1.2007 ± 0.0013
1.1038 ± 0.0014
0.9673 ± 0.0017
1.0483 ± 0.0023
0.8760 ± 0.0018
1.1033 ± 0.0017
0.8071 ± 0.0012
1.0559 ± 0.0021
0.8144 ± 0.0016
0.8953 ± 0.0032
0.9638 ± 0.0016
1.0360 ± 0.0013
0.9159 ± 0.0016
0.8903 ± 0.0015
1.1163 ± 0.0017
0.8839 ± 0.0014
1.0987 ± 0.0019
0.9431 ± 0.0022
0.8064 ± 0.0024
1.0002 ± 0.0015
0.8356 ± 0.0013
0.9035 ± 0.0025
1.0202 ± 0.0018
1.2461 ± 0.0012

0.8025 ± 0.0014
1.2007 ± 0.0011
1.1033 ± 0.0012
0.9678 ± 0.0016
1.0478 ± 0.0015
0.8747 ± 0.0017
1.1042 ± 0.0016
0.8069 ± 0.0012
1.0567 ± 0.0017
0.8127 ± 0.0012
0.8927 ± 0.0030
0.9647 ± 0.0013
1.0361 ± 0.0013
0.9164 ± 0.0015
0.8920 ± 0.0013
1.1149 ± 0.0016
0.8829 ± 0.0013
1.0978 ± 0.0019
0.9454 ± 0.0018
0.8053 ± 0.0012
1.0002 ± 0.0014
0.8346 ± 0.0013
0.9040 ± 0.0018
1.0194 ± 0.0015
1.2456 ± 0.0012

J100228.89+293226.5
J100716.24+070042.0
J101246.33+171419.0
J101648.99+041928.1
J102034.30+432740.9
J102157.91+263823.9
J102507.44+423024.8
J103523.55+193017.7
J103651.66+065649.6
J104755.02+120850.2
J104815.78+084034.7
J105021.18+602808.3
J105035.57+190544.2
J105606.94+292849.7
J105634.56+121023.5
J105817.90+195150.9
J110907.57+414324.6
J111332.53+171002.5
J111645.29+301644.9
J111852.51+045353.5
J112317.51+051804.0
J112357.74+662255.6
J112405.28+380418.5
J112439.72+002419.6
J112507.36+375119.6
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zMgII

zSDSS

SDSS Name

2700

7100

8000

3900

3700

3900

1100

2800

3900

5500

3900

5400

2600

8000

8000

2400

8000

5500

8000

3600

2600

5500

4300

4300

7100

FWHMFeII a
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2306.22 ± 87.81

6132.80 ± 686.87

5373.59 ± 1031.11

5710.08 ± 275.30

3541.21 ± 218.20

3654.09 ± 951.81

5080.77 ± 773.04

4319.54 ± 276.06

3111.80 ± 307.36

4579.63 ± 333.67

9827.60 ± 1040.86

4539.74 ± 293.93

3059.53 ± 290.77

4813.03 ± 690.83

4903.60 ± 775.76

7474.99 ± 589.78

6553.63 ± 957.57

3363.13 ± 308.80

9419.78 ± 576.61

4461.96 ± 298.90

5819.99 ± 845.21

5102.62 ± 328.78

2490.37 ± 317.88

3909.50 ± 880.70

7012.11 ± 1050.49

FWHMMGII a,b

0.520

0.105

0.153

0.115

0.368

0.146

0.097

0.202

0.285

0.269

0.043

0.171

0.294

0.126

0.103

0.047

0.097

0.252

0.071

0.229

0.138

0.204

0.590

0.122

0.076

fEdd c

157

0.8992 ± 0.0059
0.8460 ± 0.0015
0.9542 ± 0.0029
1.3020 ± 0.0014
0.8497 ± 0.0016
0.9684 ± 0.0048
0.8734 ± 0.0020
1.1623 ± 0.0014
1.3713 ± 0.0015
1.2592 ± 0.0019
1.0085 ± 0.0013
0.8993 ± 0.0030
0.9679 ± 0.0015
1.0499 ± 0.0027
1.1762 ± 0.0014
0.8620 ± 0.0017
0.8976 ± 0.0015
0.9880 ± 0.0016
1.1541 ± 0.0016
1.2843 ± 0.0035
0.8241 ± 0.0013
1.1876 ± 0.0025
0.8398 ± 0.0013
0.9757 ± 0.0014
0.8143 ± 0.0016

0.9002 ± 0.0057
0.8470 ± 0.0014
0.9552 ± 0.0028
1.3021 ± 0.0014
0.8510 ± 0.0012
0.9678 ± 0.0022
0.8729 ± 0.0019
1.1610 ± 0.0012
1.3712 ± 0.0013
1.2590 ± 0.0017
1.0095 ± 0.0012
0.8971 ± 0.0020
0.9672 ± 0.0013
1.0503 ± 0.0026
1.1779 ± 0.0014
0.8614 ± 0.0015
0.8970 ± 0.0015
0.9870 ± 0.0015
1.1542 ± 0.0016
1.2816 ± 0.0013
0.8244 ± 0.0012
1.1884 ± 0.0015
0.8399 ± 0.0012
0.9761 ± 0.0013
0.8149 ± 0.0013

J113811.59+382119.5
J114744.61+331339.5
J115111.51+050528.7
J115129.37+382552.3
J115139.68+335541.4
J115436.80+142817.7
J115542.53+021411.0
J120112.97+130153.3
J120542.23+064024.1
J120618.52+673426.3
J120853.62+170001.5
J121413.55+052254.3
J121418.43+263932.3
J122014.17+122019.7
J122059.90+683226.0
J122920.19+045806.6
J123252.73+301523.4
J124030.18+441349.2
J124302.16+191127.3
J124410.82+172104.5
J124419.58+630453.6
J124519.96+072514.0
J124902.54+171454.8
J124926.52+092237.9
J125939.54+140724.7
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zMgII

zSDSS

SDSS Name

8300

5500

2600

7100

5400

8100

5500

2600

5400

2700

4300

7100

3900

8100

2600

8000

7300

2800

5400

8000

8000

5400

2600

3100

7100

FWHMFeII a
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6505.53 ± 448.37

4867.20 ± 397.39

2965.06 ± 139.56

6929.97 ± 913.86

3539.46 ± 269.96

6511.38 ± 303.36

4648.61 ± 273.50

5006.84 ± 417.32

4841.23 ± 194.88

3883.87 ± 556.33

3503.94 ± 415.89

3963.85 ± 1071.76

4441.95 ± 301.27

8405.32 ± 464.41

4905.79 ± 323.90

5325.13 ± 375.62

1654.15 ± 1597.19

3510.47 ± 586.10

6515.04 ± 469.34

8438.95 ± 845.40

6884.11 ± 707.59

4097.01 ± 475.46

5469.64 ± 433.44

5791.17 ± 560.47

8029.17 ± 1174.60

FWHMMGII a,b

0.081

0.112

0.433

0.077

0.290

0.461

0.154

0.187

0.154

0.229

0.089

0.095

0.164

0.091

0.212

0.155

0.159

0.173

0.099

0.056

0.091

0.276

0.144

0.107

0.035

fEdd c
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1.0054 ± 0.0017
1.1659 ± 0.0016
0.8169 ± 0.0018

1.0075 ± 0.0014
1.1639 ± 0.0013
0.8167 ± 0.0012

J150222.10+000933.1
J150243.93+281739.9
J150940.68+571811.8

Continued on Next Page. . .

1.0695 ± 0.0122

1.0733 ± 0.0012

0.9094 ± 0.0014

0.9087 ± 0.0013

J142749.36+532508.9

J150016.74+075852.0

0.9703 ± 0.0016

0.9719 ± 0.0015

J142242.49+041439.1

1.1818 ± 0.0013

0.8996 ± 0.0018

0.8983 ± 0.0016

J141737.36+215313.8

1.1824 ± 0.0012

0.9553 ± 0.0020

0.9557 ± 0.0016

J141044.87+010735.4

J145855.01+115654.7

0.8753 ± 0.0017

0.8765 ± 0.0015

J135645.52+405952.0

0.8211 ± 0.0011

0.8511 ± 0.0017

0.8511 ± 0.0017

J135559.88+260039.0

0.8193 ± 0.0010

0.9711 ± 0.0012

0.9721 ± 0.0011

J134812.78+663935.5

J145659.27+503805.4

0.9639 ± 0.0019

0.9641 ± 0.0016

J134213.26+602142.9

1.0824 ± 0.0025

0.9757 ± 0.0020

0.9740 ± 0.0019

J133823.15+261353.4

1.0820 ± 0.0015

1.0942 ± 0.0018

1.0939 ± 0.0012

J133815.17+343908.0

J145138.82+084740.8

1.0376 ± 0.0016

1.0366 ± 0.0015

J132751.21+061751.5

1.0025 ± 0.0014

0.9731 ± 0.0014

0.9735 ± 0.0012

J132719.41+614136.0

1.0669 ± 0.0034

0.8369 ± 0.0014

0.8372 ± 0.0013

J131520.94+315921.7

1.0022 ± 0.0013

1.0764 ± 0.0022

1.0759 ± 0.0017

J131103.69+394703.9

1.0671 ± 0.0013

0.8407 ± 0.0015

0.8412 ± 0.0015

J130507.52+223644.1

J143748.58+243906.3

1.0267 ± 0.0026

1.0268 ± 0.0016

J130212.56+524119.2

J145103.23+114108.5

zMgII

zSDSS

SDSS Name

8000

5400

7100

1100

7100

3100

8000

7100

6400

6400

8000

6400

8000

4300

7100

2700

7100

6800

2700

2600

2800

7900

5500

4300

4300

FWHMFeII a
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6200.76 ± 1342.02

6228.04 ± 214.43

8117.89 ± 1887.08

2678.44 ± 16455.13

3073.13 ± 1329.34

4295.59 ± 644.66

5419.88 ± 820.52

9616.56 ± 631.53

4176.07 ± 690.74

3284.92 ± 246.12

3624.40 ± 359.11

3177.72 ± 356.54

6706.87 ± 1602.35

4228.36 ± 766.89

4125.22 ± 576.74

4218.66 ± 296.66

6190.18 ± 1696.54

5599.30 ± 252.07

1460.99 ± 727.44

3183.64 ± 408.16

4205.36 ± 452.63

4902.85 ± 434.96

7139.56 ± 252.83

4161.15 ± 742.84

6465.31 ± 441.69

FWHMMGII a,b

0.062

0.117

0.058

0.500

0.150

0.138

0.166

0.056

0.172

0.180

0.217

0.108

0.128

0.132

0.293

0.166

0.091

0.145

0.204

0.522

0.200

0.190

0.100

0.170

0.112

fEdd c
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0.8623 ± 0.0011
0.8865 ± 0.0016
0.8140 ± 0.0010
1.0433 ± 0.0017
1.1418 ± 0.0012
0.9376 ± 0.0016

0.8620 ± 0.0010
0.8851 ± 0.0010
0.8125 ± 0.0010
1.0419 ± 0.0016
1.1414 ± 0.0011
0.9370 ± 0.0014

J151230.31+593753.4
J151844.75+461855.1
J160325.52+521222.4
J160839.09+354226.5
J184044.99+404237.0
J210225.32−004841.8

5400

8000

3900

7300

7900

3700

FWHMFeII a

6113.47 ± 268.90

5181.81 ± 242.36

6459.37 ± 453.89

7650.21 ± 413.23

4289.62 ± 713.51

2120.78 ± 324.41

FWHMMGII a,b

a

FWHMs are in units of km s−1 .
b
Values for F W HMM gII are from the SDSS DR7 Catalog of Quasar
Properties (Shen et al., 2011b).
c
Eddington ratio calculations are described in Section 5.6.2.

zMgII

zSDSS

SDSS Name
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0.138

0.258

0.192

0.083

0.075

0.241

fEdd c
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Long-Slit Spectroscopy of the Active Galactic Nucleus Driven Outflows in

Long-Slit
Spectroscopy
ofand
the zActive
Two Quasars
at z = 0.882
= 0.937Galactic Nucleus Driven Outflows in Two
Quasars at z = 0.882 and z = 0.937

6.1

Abstract
We analyze Keck/DEIMOS long-slit spectroscopy of two quasars identified in Bar-

rows et al. (2013) which show double peaks in the high-ionization narrow emission lines
[Ne V]λ3426 and [Ne III]λ3869. Emission line diagnostics further suggest that the doublepeaked structure in the lines is likely to be caused by outflowing gas driven by the central
active galactic nuclei (AGN). The long-slit-spectroscopy adds substantial support to the
outflow interpretation. The features observed in the SDSS spectrum are confirmed with the
high-resolution DEIMOS spectra. Furthermore, the new spectra show evidence for additional spectral structure in both quasars, suggesting the presence of complex gas kinematics
which could be induced by an outflow. Finally, the long-slit spectra place constraints on
the spatial extent of the line emission, with the largest limit being ∼1.5 kpc. These separations are consistent with the interpretation of these high-velocity, high-ionization clouds
originating close to the AGN in order to be accelerated to such high velocities.
6.2

Introduction
The often complex profiles of the narrow emission lines in active galactic nuclei (AGN)

can be indicative of gas kinematics in the narrow line region (NLR) clouds (Arribas et al.,
1996; Veilleux et al., 2001; Crenshaw et al., 2010; Fischer et al., 2011). If these motions
are driven by the AGN, such mechanisms for accelerating the clouds include accretion disk
radiation pressure (Xu & Komossa, 2009) and entrainment in radio jets (Holt et al., 2003,
2008; Komossa et al., 2008). Particularly strong outflows are capable of inputing substantial
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energy into the interstellar medium (ISM). If enough energy is coupled to the ISM, these outflows can effect the star-formation in the host galaxy and regulate the growth of the central
supermassive black hole (SMBH). Emission lines of high ionization potential (I.P.) are preferentially produced nearer to the AGN where there is sufficient ionizing flux. Consequently,
the gas emitting these lines is also accelerated to relatively higher velocities. Emission line
diagnostics can be used to interpret the nature of the gas kinematics in these NLRs. In
particular, several studies have looked for the presence of ionization stratifications which are
strongly suggestive of outflowing NLR material (Komossa et al., 2008; Barrows et al., 2012,
2013).
Many of the most recent identifications of AGN outflows have been made by selection
of AGN with double-peaked emission lines. Interestingly, the motivation for these systematic
searches was to identify galaxies which potentially host two AGN (Comerford et al., 2009b;
Wang et al., 2009; Liu et al., 2010; Smith et al., 2010; Ge et al., 2012). Multiple forms
of follow-up observations, including slit-spectroscopy, have revealed a diversity of physical
processes producing the complex emission line morphologies, including small-scale gas kinematics that are unresolved (Fu et al., 2012), large-scale outflows (Fischer et al., 2011), and
dual AGN (Comerford et al., 2009a; McGurk et al., 2011).
Most of these selections and studies have been done with sources showing doublepeaked [O III]λ5007 emission lines (Comerford et al., 2009b; Wang et al., 2009; Liu et al.,
2010; Smith et al., 2010; Ge et al., 2012). Since these sources have been selected out of optical
surveys, this limits them to z < 0.8. Barrows et al. (2013) extended these selections, and
therefore the study of double-peaked narrow-line AGN, to higher redshifts by using a different
set of emission lines: [Ne V]λ3426 and [Ne III]λ3869. In that study, by examining several
correlations between the velocity offsets and quasar properties, they found strong evidence
that the double-peaks were often caused by outflows. Additionally, the velocity offsets of
[Ne V]λ3426 and [Ne III]λ3869 are generally larger than those seen for [O III]λ5007, since
they are of higher I.P. and therefore would be more strongly affected in the outflow scenario.
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The strongest outflow sources often have weaker blue components, more akin to blue wings.
Additionally, these sources tend to be those with ionization stratifications.
The structure of the outflows is likely to be even more complex, with more than just
a single blueward and a single redward outflowing component. For example, in Barrows
et al. (2013) there is often a component at the systemic velocity as well, and there may be
additional velocity components not detected with the SDSS spectroscopic resolution. Constraints can be obtained if limits are placed on the spatial extent of the NLR emission. The
presence of extended structure in SDSS images may be evidence of a large-scale outflow, but
at z > 0.8 this scale may not be resolvable in SDSS imaging. However, long-slit spectroscopy
is an effective way to determine the spatial extent of the line emission (Barrows et al., 2012;
Comerford et al., 2012). We have obtained follow-up optical long-slit spectroscopy of two
sources selected by Barrows et al. (2013) as having double components in the high I.P. lines
[Ne V]λ3426 and [Ne III]λ3869. With the slit spectra, we have significantly improved spectra resolution, in addition to information about the spatial extent of the high ionization line
emission. Based upon the emission line diagnostics presented in Barrows et al. (2013), these
two quasars are likely to host AGN-driven outflows.
6.3

Description of the Observations
This section describes the long-slit spectroscopy of two quasars, SDSSJ034222.54-

055727.9 (J0342-0557) and SDSSJ210225.32-004841.8 (J2102-0048), taken with the DEIMOS
spectrograph at the Keck II telescope. The spatial scale of the detector is 0.1185

!!

pixel−1 .

These observations were taken with the 1200 lines mm−1 grating which provides a dispersion
!!

of 0.33 Å pixel−1 , and a spectral resolution of 1.1-1.6 Å (FWHM) for objects filling a 075
!!

slit. Our observations were taken with a 1.2 slit with the GG495 order blocking filter. Each
of the sources was observed at two position angles (P.A.), one at the parallactic angle and
the other at an orthogonal angle. This was motivated by the method used in Comerford
et al. (2012) to measure the true angular separation on the sky. The integration time was
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5 minutes at each P.A. The first object, J2102-0048, was observed on UT 2012 October 18.
The spectroscopic configuration provided a central wavelength of 6900 Å and an observed
wavelength range of 5575-8200 Å, which at the redshift of 0.937, corresponds to a rest
wavelength range of 2870-4230 Å. The second object, J0342-0557, was observed on UT 2012
October 19. The spectroscopic configuration provided a central wavelength of 7180 Å and
an observed wavelength range of 5860-8495 Å, and at the redshift of 0.8817, corresponds
to a rest wavelength range of 3115-4515 Å. This provided us with access to [Ne V]λ3426,
[O II]λ3727, and [Ne III]λ3869 for both sources, allowing us to directly compare with the
SDSS spectral properties of the lines measured in Barrows et al. 2013. The long-slit spectra
were reduced using standard techniques in IRAF.
6.4
6.4.1

Analysis
Spatial Analysis
In order to quantify the spatial information provided by the slit-length at each of

the orthogonal position angles, we used the method described in Comerford et al. (2012).
In short, this process consisted of summing the emission over a rest-frame 2Å wide window
and fitting a 2nd order polynomial to the summed emission in order to locate the peak.
We performed this analysis only for [O II]λ3727 and [Ne III]λ3869, since these lines had
the strongest S/N in the two-dimensional spectrum ([Ne V]λ3426 is relatively weaker in the
two-dimensional spectrum).
6.4.2

Spectral Analysis
For both sources the spectra at the two different P.A.s were combined in order to

create a higher S/N spectrum, and a one-dimensional spectrum was then extracted. In order
to measure emission line properties and to compare with the SDSS spectra, we modeled the
one-dimensional spectra over the rest-frame wavelength range 3300-4000 Å using the same
procedure as in Barrows et al. (2013). First, we modeled the continuum by masking all
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emission lines in the wavelength region being fit. The continuum consists of a power-law
to model the underlying AGN continuum radiation plus a pseudo-continuum of broadened
Fe II emission. Since the Fe II emission presumably originates in the broad line region
(BLR), it is possible that the shape and flux of the Fe II emission may show variations
similar to those often seen in the broad emission lines of quasars over timescales as short as
months. See Barrows et al. (2013) for more details of the continuum modeling. We modeled
the [Ne V]λ3426, [O II]λ3727, and [Ne III]λ3869 emission lines with as many Gaussians
as were necessary to provide a satisfactory fit. Although [O II]λ3727 is actually a doublet
(λ3726, 3729 Å) of ∼200 km s−1 separation between the two transitions, it is treated as a
single line in this analysis due to the difficulty of resolving the transitions. We note, however,
that the doublet does appear to be at least marginally resolved in the DEIMOS spectra. All
velocity-splittings quoted are relative to the SDSS redshifts (zSDSS ). Figures 6.1 and 6.2
show the one-dimensional Keck/DEIMOS and SDSS spectra of J0342-0557 and J2102-0048,
respectively, in the observed wavelength ranges containing [Ne V]λ3426 and [Ne III]λ3869.
6.5

Discussion
In this section we discuss the results of our analysis on the one- and two-dimensional

emission line spectroscopy of J0342-0557 and J2102-0048. For the one-dimensional spectra,
we discuss the emission line diagnostics inferred from the SDSS spectrum and compare with
that of the DEIMOS spectra. With the two-dimensional spectra, we discuss the implications
of the spatial separation limits imposed by the long-slit spectra.
6.5.1

Emission Line Diagnostics
The spectrum of J0342-0557 corroborates the broad widths of [Ne V]λ3426 and

[Ne III]λ3869 that were originally identified in the SDSS spectrum.

Furthermore, the

velocity-splittings are consistent with the large values measured from the SDSS spectrum.
The expected positions of [Ne V]λ3426 and [Ne III]λ3869 based on the systemic redshift
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Figure 6.1: Comparison of SDSS (top) and Keck/DEIMOS (bottom) spectra of J03420557 in the observed wavelength range containing [Ne V], [O II], and [Ne III]. Each spectrum
was fit separately as described in Section 6.4. For both the SDSS and DEIMOS spectra,
the best-fitting power-law continua have been subtracted, and the remaining model sum
(Fe II template+Gaussians) is overlaid with a solid red line. The DEIMOS spectrum has
been smoothed by convolving with a Gaussian of σ = 1 Å. The flux densities, Fλ , have
been scaled to unity at the peak of the [O II] line. The grey dotted vertical lines mark the
expected positions of the vacuum wavelength transitions of [Ne V], [O II], and [Ne III] at
the SDSS redshift of J0342-0557. The vertical dotted line marks the atmospheric absorption
B-band.
of J0342-0557 (zSDSS ) are located in between the red and blue component centroids. The
[O II]λ3727 line does not appear to be significantly broadened, with a FWHM of ∼500 km s−1
for the doublet, and a second [O II]λ3727 peak is not detected. There is marginal evidence
for additional structure in [Ne III]λ3869 between the two components originally identified in
the SDSS spectrum. This is evident in both the integrated one-dimensional spectrum and
the two-dimensional spectrum (Figure 6.3).
The spectrum of J2102-0048 also confirms the features reported by Barrows et al
2013, i.e. the large line widths and velocity splittings of [Ne V]λ3426 and [Ne III]λ3869.
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Figure 6.2: Comparison of SDSS (top) and Keck/DEIMOS (bottom) spectra of J21020048 in the observed wavelength range containing [Ne V], [O II], and [Ne III]. Each spectrum
was fit separately as described in Section 6.4. For both the SDSS and DEIMOS spectra,
the best-fitting power-law continua have been subtracted, and the remaining model sum
(Fe II template+Gaussians) is overlaid with a solid red line. The DEIMOS spectrum has
been smoothed by convolving with a Gaussian of σ = 1 Å. The flux densities, Fλ , have
been scaled to unity at the peak of the [O II] line. The grey dotted vertical lines mark the
expected positions of the vacuum wavelength transitions of [Ne V], [O II], and [Ne III] at the
SDSS redshift of J2102-0048. The vertical dotted lines mark the atmospheric absorption Aand B-bands.
The red peaks of both [Ne V]λ3426 and [Ne III]λ3869 are consistent with zSDSS . Also, as
in the SDSS spectrum, the [O II]λ3727 line is not significantly broadened (FWHM of ∼480
km s−1 for the doublet). [O II]λ3727 is also consistent with a single peak at zSDSS , and
no detectable blue component. Interestingly, the red [Ne III]λ3869 component in the SDSS
spectrum, which has a relatively narrow line width (F W HM ≈ 290 km s−1 ), is actually
split into two even narrower components of ∼100 km s−1 FWHM. These components are
detected at the 3σ (blue) and 2σ (red) levels. These features can be seen in the one- and
two-dimension spectra of Figure 6.4.
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Figure 6.3: Top: Keck/DEIMOS two-dimensional slit-spectrum of J0342-0557 showing
[O II]λ3727 (left) and [Ne III]λ3869 (right) at P.A. = 63.2◦ . Along the spatial axis, the slits
!!
are plotted over a spatial extent of 8 , centered on the spatial centroid. Along the dispersion
axis, the slits are plotted over a velocity range from 1500 km s−1 to -1100 km s−1 , relative
to the expected position of the line emission based upon the SDSS redshift, with positive
velocities indicating blueshifts. The slit spectra have been smoothed with a two-dimensional
Gaussian of σ =1 pixel. Contours outlining the peaks are overlaid in the top and middle
panels. Middle: Same as top but at P.A. = 153.2◦ . Bottom: One-dimensional spectrum of
[O II]λ3727 (left) and [Ne III]λ3869 (right) extracted from the composite two-dimensional
spectrum of the two P.A.s. The Gaussians for the individual components (black, dotted
lines) and model sums (red, solid line) are overlaid. The wavelength axis is plotted on the
same scale as the dispersion axis of the slit-spectra. The fluxes are in units of 10−27 erg s−1
cm−2 Hz−1 .
Figure 6.5A shows the [Ne V]λ3426 and [Ne III]λ3869 blue component velocity offset
difference, ∆NeV − ∆NeIII , for these sources compared to the entire sample of Barrows et al.
(2013). Both sources have relatively large [Ne V]λ3426 and [Ne III]λ3869 blue velocity offsets.
Furthermore, both have ∆NeV,b −∆NeIII,b values that are significantly (> 1σ) larger than zero,
consistent with the ionization stratification scenario. This further implies the presence of
AGN outflows since outflows are capable of producing such stratifications. Figure 6.5B
shows the corresponding values for the red components where it is clear that only J03420557 shows a stratification in the red system, while J2102-0048 has a ∆NeV,r − ∆NeIII,r value
consistent with zero. Lack of a red system stratification suggests that the red system is
not affected by the outflow. Conversely, the presence of a red system stratification suggests
several possibilities, including a red system origin relatively close to the AGN, a particularly
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Figure 6.4: Top: Keck/DEIMOS two-dimensional slit-spectrum of J2102-0048 showing
[O II]λ3727 (left) and [Ne III]λ3869 (right) at P.A. = −62.1◦ . Along the spatial axis, the
!!
slits are plotted over a spatial extent of 6 , centered on the spatial centroid. Along the
dispersion axis, the slits are plotted over a velocity range from 1200 km s−1 to -600 km
s−1 , relative to the expected position of the line emission based upon the SDSS redshift,
with positive velocities indicating blueshifts. The slit spectra have been smoothed with a
two-dimensional Gaussian of σ =1 pixel. Contours outlining the peaks are overlaid in the
top and middle panels. Middle: Same as top but at P.A. = 27.9◦ . Bottom: One-dimensional
spectrum of [O II]λ3727 (left) and [Ne III]λ3869 (right) extracted from the composite twodimensional spectrum of the two P.A.s. The Gaussians for the individual components (black,
dotted lines) and model sums (red, solid line) are overlaid. The wavelength axis is plotted
on the same scale as the dispersion axis of the slit-spectra. The fluxes are in units of 10−27
erg s−1 cm−2 Hz−1 .
powerful AGN outflow, significant obscuration, or a combination thereof. Note that neither
source shows negative values of ∆NeV,r − ∆NeIII,r , which would be expected if we could see
the outflowing component moving away from us. In both cases this suggests at least some
level of obscuration.
As with the SDSS spectra, these observations support our outflow interpretation based
upon emission line diagnostics. Interestingly, in the DEIMOS spectra [Ne III]λ3869 shows
additional structure in velocity-space for both sources, especially in J2102-0048. Specifically,
the red narrow peak measured in the SDSS spectrum is actually split into two narrow peaks
in the DEIMOS spectrum. This indicates complex gas kinematics in the NLR beyond the two
component model. Neither source shows a detectable component redward of the systemic,
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indicating that the only observable outflowing components are moving toward the observer.
This is consistent with idea that the red outflowing component is obscured by the larger
column of gas and dust along the line of sight.
Table 6.1: Flux densities (relative to [O II]), FWHMs and redshifts for the [Ne V], [O II],
and [Ne III] emission line components of J0342-0557 as measured from the SDSS spectrum
and Keck/DEIMOS spectrum.

SDSS
Emission Line

Flux

FWHM

Keck/DEIMOS
∆V

Flux

FWHM

∆V

Blue System
[Ne V]λ3426

0.70 ± 0.18

641 ± 206

746 ± 73

0.54 ± 0.06

872.23 ± 47.71

465.73 ± 24.87

[O II]λ3727

-

-

-

-

-

-

0.85 ± 0.27

925 ± 302

480 ± 05

0.32 ± 0.03

776.55 ± 43.93

603.12 ± 79.58

[Ne III]λ3869

Red System
[Ne V]λ3426

0.74 ± 0.18

682 ± 176

−136 ± 83

0.11 ± 0.02

165.64 ± 30.97

−300.28 ± 25.54

[O II]λ3727

1

502.76 ± 48.05

−529.65 ± 53.74

1

511.21 ± 24.37

−474.10 ± 11.37

1.76 ± 0.21

656 ± 81

−323 ± 37

0.86 ± 0.05

682.76 ± 10.30

−230.25 ± 16.86

[Ne III]λ3869

Table 6.2: Flux densities (relative to [O II]), FWHMs and redshifts for the [Ne V], [O II],
and [Ne III] emission line components of J2102-0048 as measured from the SDSS spectrum
and Keck/DEIMOS spectrum.

SDSS
Emission Line

Flux

FWHM

Keck/DEIMOS
∆V

Flux

FWHM

∆V

Blue System
[Ne V]λ3426

0.46 ± 0.15

662 ± 236

849 ± 111

0.50 ± 0.24

854.90 ± 152.85

840.42 ± 36.54

[O II]λ3727

-

-

-

-

-

-

0.43 ± 0.15

526 ± 177

549 ± 120

0.30 ± 0.02

376.69 ± 30.31

685.30 ± 10.51

[Ne III]λ3869

Red System
[Ne V]λ3426

0.79 ± 0.12

428 ± 81

60 ± 32

0.40 ± 0.07

533.17 ± 73.61

65.65 ± 46.22

[O II]λ3727

1

670.29 ± 91.13

−97.40 ± 38.13

1

479.48 ± 7.42

−61.18 ± 5.22

0.67 ± 0.15

292 ± 61

31 ± 31

0.72 ± 0.27

433.72 ± 41.18

96.90 ± 38.11

[Ne III]λ3869

169

Figure 6.5: Plots of ∆Vblue,[NeV] versus ∆Vblue,[NeIII] (A) and ∆Vred,[NeV] versus ∆Vred,[NeIII]
(B). The dashed line is the one-to-one relation. Each velocity has been shifted by the
constant a where a = 1000 − (∆V[N eV ] ). In each panel the horizontal gray, dashed line
represents ∆V[NeV] = 0 km s−1 and the gray, shaded region represents the average error of our
sample. [Ne V]/[Ne III]-selected sources are plotted as filled circles while sources selected via
[O III]λ5007 are plotted as open circles. The sources with Keck/DEIMOS slit-spectroscopy
discussed in this analysis are colored as red (J0342-0557) and blue (J2102-0048).

6.5.2

Spatial Separation Limits
For these sources with follow-up slit-spectroscopy, we can only place upper limits on

the spatial offsets of the emission components based upon [Ne III]λ3869. Specifically, for
J0342-0557, we can place upper limits on the projected [Ne III]λ3869 physical offset of 1.47
kpc. Likewise, for J2102-0048, we find an upper limit of 0.65 kpc. We note that, while we can
also place upper limits on the [O II]λ3727 components, identifying any individual velocity
components in [O II]λ3727 is difficult since [O II]λ3727 is actually a doublet. As a result,
distinguishing between dynamically separate components and the individual transitions is
ambiguous, especially with the high dispersion DEIMOS spectra which can potentially resolve the doublet. We also note that [O II]λ3727 is not expected to show a large velocity
offset in the outflow scenario as it generally originates at larger distances from the AGN.
The upper limits on the separations we have measured imply that the emission is confined to within ∼1.5 kpc in projected spatial extent. This suggests that the [Ne III]λ3869 outflowing components are confined within this distance as well, and is consistent with the notion
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that the high velocity, highly ionized clouds originate close to the AGN (Figure 12 of Barrows
et al. 2013).
We note that technically the dual AGN interpretation can not be completely ruled out
!!

since a separation of less than ∼0.5 would be spatially unresolved. However, the indications
of ionization stratifications as suggested by Figure 6.5, the broad extended nature of the
double-peaks seen in the SDSS spectrum, and finally the complex velocity structure seen in
the one-dimensional Keck/DEIMOS spectrum are each strongly consistent with the outflow
interpretation.
6.6

Conclusions
We have obtained follow-up high-dispersion slit-spectoscopy of two double-peaked

[Ne V]/[Ne III] SDSS quasars identified in Barrows et al. (2013) for which emission line
diagnostics suggest host AGN outflows. The spatial information provided by the spatial axis
of the slit-spectrum confines the [Ne III]λ3869 emission of both sources to within ∼1.5 kpc.
Additionally, the spatially integrated DEIMOS spectra suggest the presence of additional
velocity structure in the [Ne III]λ3869 lines, implying the presence of multiple outflowing
components in both sources, particularly in J2102-0048.
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Chapter 7
7
Conclusions
Conclusions

In this dissertation, I have investigated how the optical and ultraviolet (UV) emission
line profiles of active galactic nuclei (AGN) can provide valuable information regarding the
kinematics of the photoionized gas in the narrow and broad emission line regions. Since this
gas is photoionized by the AGN, it traces both the motion of the central active supermassive
black hole (SMBH) and how it effects the surrounding medium. In particular, the velocity
profiles of these emission lines can indicate on-going galaxy mergers (dual AGN), large-scale
ouflows, complex disk emission, and close, binary SMBHs. Each of these scenarios provides
insight into the connection between galaxy and SMBH evolution, highlighting stages in the
evolutionary scenario of galaxy mergers triggering SMBH activity, the onset of quasar activity
and AGN feedback. My work has explored each of these scenarios by examining individual
cases and statistical samples, and I have also discussed additional follow-up observations
which have helped to shed light on the physical nature of the line emission.
7.1

Disk-Emission or Binary SMBHs in Quasars with Double-Peaked Broad
Emission Lines
The low-ionization, broad emission lines characteristic of quasars can show asymmet-

ric structure, double-peaked structure, velocity-offsets, or combinations of the above. Sources
in this subclass of AGN/quasars are known as ‘double-peaked emitters’ (DPEs) or ‘diskemitters.’ Observations have shown that such profiles are usually the result of line emission
from an accretion disk, while theoretical expectations suggest that such profiles could also be
caused by a bound binary SMBH. We have investigated these two primary interpretations of
DPEs in detailed studies of two individual sources: SDSSJ093201.60+031858.7 (J0932+0318;
Chapter 2) and WISE J233237.05-505643.5 (W2332-5056; Chapter 3). In those analyses, I
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have applied several different models to the line profiles, most of which include disk emission
and complex variations of the disk structure and composition. Both of these sources are
examples of DPEs which have relatively large blue-to-red peak ratios and velocity offsets,
allowing them to be studied as extreme examples which apply critical tests to the diskemitter and binary SMBH models. For both J0932+0318 and W2332-5056 I have drawn the
following conclusions:
◦ The circular disk model is clearly insufficient, suggesting that if the profile is the result
of disk emission, then it is either an asymmetric and/or non-uniform disk.
◦ The circular disk plus broad line region model provides a vastly improved fit, suggesting
that in each case there is significant excess emission beyond the circular disk.
For W2332-5056 we have investigated two additional models: an elliptical accretion
disk model in which the disk has a varying eccentricity and azimuthal angle, and a generalized
double Gaussian model. For these additional models applied to W2332-5056, the results are
as follows:
◦ We find that the elliptical disk model significantly improves the fit over the circular
disk. However, the eccentricities which provide the best-fits are unrealistically large
(e ∼ 0.6, 0.8).
◦ We find that the double Gaussian model provides an excellent fit. However, the physical
interpretation is less clear since the model is not physically constrained.
Both sources suggest that while the disk-emitter interpretation is viable, and possibly
preferred based upon multi-epoch observations of other DPEs in the literature, the accretion
disk is either non-circular or non-uniform. The circular disk+Gaussian and elliptical disk
models provide possible solutions within the physical limitations of the disk-emitter scenario,
but in both cases the binary SMBH scenario is equally viable. Not only can the profiles be
explicitly modeled as including a secondary SMBH, but the presence of a binary companion
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is an effective way to introduce the asymmetries and/or non-uniformities that would be
present in those disk models.
7.2

Outflows or Kpc-Scale SMBH Pairs in AGN with Double-Peaked Narrow
Emission Lines
The high-ionization, narrow emission lines characteristic of AGN can have an asym-

metric structure, double-peaked structure, be offset, or combinations of the above. AGN with
such narrow emission line profiles have been studied for quite some time, and the generally
preferred interpretation is of gas kinematics, particularly radially outward flowing material,
driven by the AGN. Interestingly, such line profiles have been of recent interest since they
may be produced a pair of AGN in the same merger remnant galaxy (dual AGN). In this
dissertation, I have investigated these two primary interpretations of double-peaked narrow
emission lines: AGN outflows and dual AGN. Furthermore, I have performed these analyses
for AGN at higher redshifts (z > 0.8) than previously explored in other studies, providing
an important test of these phenomena at earlier epochs. I have examined these scenarios
for a serendipitously discovered dual AGN candidate at z = 1.175, and 131 SDSS quasars
identified as additional candidate dual AGN at z = 0.8 − 1.6. For all of these sources, several
emission line diagnostics were employed, and the available archival data examined. For a
subset of these sources we have also acquired follow-up observations. Our primary results
based upon emission line diagnostics and archival data are as follows:
◦ In Chapter 4 we used our detection of numerous emission lines in the z = 1.175
dual AGN cnadidate CXOJ1426+35 to investigate the possible correlation between
ionization potential (I.P.) and velocity offset (∆V ) which would suggest the presence
of an ionization stratification, and by extension possibly an outflow. Even with lines
spanning a wide range of I.P.s (∆I.P. ≈ 85 eV) and robust line centroids, there is no
evidence for a correlation with ∆V .
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◦ In Chapter 5 we investigated the ionization stratification scenario for the additional
131 quasars at z = 0.8 − 1.6. To do so, we examined the correlation between the
[Ne V]λ3426 and [Ne III]λ3869 velocity offsets, finding that ∼60% show a significant
difference between the velocity offsets of each line, suggesting the presence of an ionization stratification. For the remaining 40%, the alternative scenario of dual AGN is
more viable.
◦ In Chapter 5 we identified two other correlations, line width (FWHM) vs ∆V and
Eddington ratio (fEdd ) vs ∆V , both of which suggest the presence of outflows. However,
we also found a correlation between the ∆V ratio and luminosity ratio of the blue and
red components of the double peaked lines, consistent with the theoretical expectation
of a binary orbit. Furthermore, the fEdd -∆V correlation could also be consistent with
the dual AGN scenario.
◦ We have found that selection through [Ne V]λ3426 and [Ne III]λ3869 is biased toward
large velocity-offsets in our systematic search. It is noteworthy that the serendipitous
source CXOJ1426+35, a strong dual AGN candidate, also has relatively large velocityoffsets suggesting that this does not rule out the dual AGN scenario for such sources.
Multi-wavelength archival data is available for many of these sources. In particular,
the accessible radio data has suggested that radio jets (a potential outflow mechanism) are
present in a fraction of the sample, and X-ray data can reveal the presence of a secondary,
heavily obscured AGN. The results of analysis on the multi-wavelength archival data is as
follows:
◦ We have found that our selection of SDSS quasars with double-peaked [Ne V]λ3426 and
[Ne III]λ3869 emission lines selects radio loud quasars more frequently than found in the
parent sample, suggesting that the outflows can be driven by radio jets. Interestingly,
CXOJ1426+35 is radio undetected down to the detection limit of 140 µJy (5σ), which
limits the interpretations to radiatively driven outflow or dual AGN.
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◦ Modeling of the archival Chandra/ACIS 0.5-10.0 keV data and spectral energy distribution of CXOJ1426+35 suggests significant obscuration (nh ∼ 1023 cm−2 ) capable of
hiding a second AGN.
We have shown that AGN selected as having double-peaks in the high-ionization
narrow emission lines, particularly [Ne V]λ3426 and/or [Ne III]λ3869, often host outflows,
either driven by AGN radiation pressure or entrainment in radio jets. These sources also
typically show ionization stratifications. However, sources which do not have apparent ionization stratifications are more plausible dual AGN candidates. This result is suggested in
a statistical sense by the correlation between the ∆V ratio and luminosity ratio. Among
individual sources, this result is most clearly seen in the source CXOJ1426+35, which also
shows no ionization stratification and for which the multiple forms of additional data suggest
is a strong dual AGN candidate. Using these criteria we have been able to identify which
sources are most likely to be outflows, and which have a reasonable possibility of being dual
AGN.
Follow-up observations have been obtained for three of the sources. These follow-up
observations are of two kinds: slit-spectroscopy and high-resolution imaging. For two of the
sources (SDSSJ210225.32-004841.8 and SDSSJ034222.54-055727.9), we have obtained optical
slit-spectroscopy, and for the third (CXOJ1426+35), we have optical and near-infrared (NIR)
slit spectroscopy and high-resolution imaging. Based upon slit-spectroscopy, we have reached
the following results:
◦ Slit-spectroscopy has proved to be a powerful tool for these studies as it can provide information concerning the spatial separation, orientation and compactness of
the components, which have been suggested as indicators of the dual AGN scenario.
Specifically, sources in which the emission components’ separation axis is aligned with
the host galaxy semi-major axis and those with spatially compact components are more
likely to be dual AGN. We find that the line emission components of CXOJ1426+35 are
both aligned with the host galaxy, to within the errors, and spatially compact. For the
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other follow-up sources, we can not measure a significant offset and therefore can not
obtain that information.
◦ We find that the spatial separation and velocity separation of the emission components
of CXOJ1426+35 are on the large end of the range typically seen for dual AGN.
However, we have calculated that it is also unlikely that both components can be so
photoionized at that separation, making the dual AGN scenario likely. For our other
sources we are only able to place upper limits on the separations of 0.65 kpc and
1.47 kpc, although the high spectral resolution provides evidence suggesting complex
velocity structure in the high I.P. lines.
◦ For CXOJ1426+35, NIR adaptive optics (AO) imaging has shown that there is only
one diffuse resolved source at rest-frame 1µm. This suggests that if there is a second
AGN, it is highly obscured. This is consistent with both the SED and X-ray modeling.
These results have shown that two-dimensional spectroscopy provides valuable spatial information which can aid in evaluating the true nature of the double line emission
components.
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